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INTRODUOTION.

The first sand filter generally referred to as the slow sand filter was built
in 1829 by James Simpson for the Chelsea Water Company of London. It
was successful in removing turbidity and in improving the water hygienically.
The principle underlying its action was not understood until some years later.
Very soon however the use of sand filters was made compulsory for all river
water supplies of Great Britain.

The Metropolitan Water Board, London, now operate 178 slow and
secondary sand filters, the total area of which is 175-64 acres. The latest slow
sand filters were constructed at Walton in 1926. Some of these filters have
been working for almost a century and ‘are still performing yeoman service’
(Harold, 1935). In Europe sand filters are quite common and in Germany
their use appears to be compulsory.

Generally, slow sand filtration is to be preferred to other systems of
purification as it purifies water in one simple process, removes tastes and
odours due to algae to a marked degree, and ensures the supply of a safe
water. Govinda Raju (1925-26) seems to prefer this system for India as in
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his view it does not involve the continuous addition of chemicals, as the waters
of this country are practically free from suspended matter and as the cost of
land is very cheap.

But time has shown that slow sand filters in India have not been the
ungualified success that they have been in England and on the continent.
The weight of opinion is still in favour of slow sand filters (Harold, l.¢.). If
in this paper statements are made against their use in India and in the tropics,
it is not our intention to assail its universality. It is only to investigate
and prove that some changes in the method of purification are called for in
view of the varying and variable conditions of the tropics.

In several places in North and South India where slow sand filters are
in use, the presence of HyS has caused considerable anxiety to the water works
authorities. The use of slow sand filters in the following towns have really
been disappointing. At Agra (Stewart, 1933) in North India, at Baroda in
West India, and at Adoni, Salem, Madras, Berhampur, Cocanada, Vizagapatam
in South India (G.W.F.C. Reports) the filtrates from slow sand filters contain
H,8 in considerable quantities.

It may also be stated that slow sand filtration is not always an unfailing
method of water purification from all points of view. In one case the pre-
valence of goitre was attributed to inadequate purification by slow sand filters.
Robert McCarrison (1913-1914) in his ‘Enquiry into the causation of goitre
at the Lawrence Military Asylum, Sanawar’ has stated that ‘ Another point
of considerable interest is, that up to the year 1904 sand filters appear to
have been employed with a view to the purification of the water. So ineffec-
tual were these, however, that their use was abandoned at the suggestion
of the Chemical Examiner to the Punjab Government, who found that the
water passed through them was considerably more impure than the untreated
water’. Further, ‘the provision of & chemically and bacteriologically pure
water is urgent, since apart from goitre, grave epidemics of water-borne
diseases may at any time attack the people’.

The present system of slow sand filtration at Madras has not been able
to produce a potable water (vide various Reports of the Government Committee
on Water and Sewage Purification and the periodical Reports of the Director,
King Institute, Guindy, 1934). Two drawbacks noticed in the Madras slow
sand filters are: (i) the production of HyS in fairly large quantities, and
(ii) the inability to supply at all times a water of uniform purity. Regarding
the first Dey and Ganapati (1934) bave examined in detail the cause of the
production of HyS and have also isolated the causative organism responsible
for it. It is now proposed to examine the various physical, chemical and
biological processes which take place in the Madras slow sand filters with a
view to obtain an insight into the causes of their failure as an efficient purifica-
tion process. So this thesis is devoted to a study of the physical, chemical
and biological conditions of : (1) the sources of the Madras Water Supply, (2)
the raw water conduit (7-5 miles long) from the Red Hills Lake to the water
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works at Kilpauk where the slow sand filters are located, (3) the raw water
prior to slow sand filtration, (4) the slow sand filters and their effluent, and
(5) general summary and conclusion.

CHAPTER 1.
1. The Chemistry and Biology of the Sources of the Madras Water Supply.

‘Some lake and reservoir waters may be applied to sand filters in their
raw state.” Usually plain sedimentation is allowed to take place for twelve
hours to three days to allow the suspended particles to go down to the bottom,
the top water being taken to the filters.

In the case of Madras, the sources of water supply are the Kortalayar
river, Sholavaram Lake and Red Hills Lake (Fig. 1). The water from the
river is diverted by means of a low wall put across its breadth at a place called
Tamarapakkam about 17 miles north-west of Madras. The weir diverts the
river excluding the greater flood discharges from the main river into a channel
which. leads to an artificial lake or reservoir called the Sholavaram Lake,
wherein the water is stored and slowly sent lower down again by another
channel into the Red Hills Lake. So the water supply to the city is stored
in two reservoirs, which also act as efficient settling tanks, as they hold many
days’ supply. They insure an adequate supply of water even in times of
drought for about a year. Certain improvements in the physical, chemical
and bacteriological qualities of a water are known to occur as a result
of storage (Houston, 1914). These improvements seem to take place in
tropical waters also (Cunningham and Raghavachari, 1920). But in the
tropics the disadvantages aceruing from the long storage of water seem to
outweigh the beneficial effects of storage on account of algal growths (Fowler,
1923; King, 1931).

The real trouble in the case of Madras also seems to be due to algae.
It is now proposed to make a brief survey of the important physical, chemical
and biological conditions of the two lakes, as such a survey will throw useful
light on the various biochemical changes taking place in the slow sand filters
at Kilpauk, which will be discussed in Chapter IV.

The Sholavaram Lake.

It is 2 miles long, 1-25 miles broad, and has a maximum depth of 16 feet.
At full tank level it has an area of 2 sq. miles and a capacity of 583-3 m.c.ft.
It is a periodic lake which runs almost dry usually towards the end of the
south-west monsoon season.

The colour of the water varies from whitish-blue to yellowish brown.
It is whitish blue during the cold weather and north-east monsoon season,
bluish green during the hot weather period and yellowish brown during the
south-west monsoon season. The temperature of the water is also high and
is nearly uniform from surface to bottom. The water is saturated with oxygen
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during the major part of the year. Supersaturation also takes place sometimes
during all seasons of the year. Nutrient substances like phosphates, nitrites
and nitrates are conspicuous by their absence. Free ammonia is found only
in traces, while albuminoid ammonia and oxidisable organic matter are found
in considerable quantities.

The macrophytic vegetation is found in abundance. The aquatic
vegetation consists chiefly of Hydrilla verticellata, Vallisneria spiralis and
Potomogeton natans, which are found to cover the entire bottom of the lake
during the south-west monsoon season (June to September). The phyto-
plankton is quantitatively poorly developed. It is poor in Diatoms and
Desmids, while Myxophyceae is dominant. The dominant forms of
Myxophyceae are Microcystis aeroginosa, Microcystis marginata, Microcystis
protocystis and Aphanothece sp. nov. The zoo-plankton is also poorly repre-
sented and consists of 6 forms of Cladocera, one of Copepoda, one of Ostracoda,
and nine forms of Nematoda.

The bacterial quality of the water is found to vary from season to season.
Generally the water is of highest bacterial purity from the sanitary view-
point during the hot weather and south-west monsoon season and of lowest
purity during the north-east monsoon season.

This lake may therefore be briefly characterised as a highly evolved,
periodic, eutrophic lake.

The Red Hills Lake.

The Red Hills Lake which is also of the ‘constant settlement’ type has a
catchment area of over 23 sq. miles and receives water from Sholavaram Lake,
which in turn is supplied by the Kortalayar river. So the lake thus receives
water that has travelled over an extensive area and has gathered considerable
polluting and nutrient material. Its catchment area is composed of grazing,
agrigultural and waste lands. The soil around and at the bottom is composed
of brown and red ochre earth laterite, which consists essentially of iron, silica
and alumina and very little of lime and magnesia (Warth and Warth, 1903).
Holland (1903) thinks that the relatives of the remarkable genera Crenothriz,
Cladothriz, etc., which are active agents in the oxidation of ferrous salts, are
sure to occur in newly-forming laterites. This statement is interesting in
view of the occurrence of iron bacteria in the lake water and in the filtered
water chambers of the slow sand filters at Kilpauk.

The lake is 356 miles long with a maximum breadth of 2:5 miles and
mean breadth of 2:0 miles and covers an area of 7 sq. miles at its maximum
level. Its maximum depth is about 25 feet, and its capacity has been estimated
at 2,162 m.c.ft.

The water is yellowish green in colour and has a low transparency. Its
shores and bottom are not rocky but are heavily silted. No permanent
thermal stratification is seen in it but its temperature is high and is almost
uniform from the surface to the bottom with circulation taking place con-
tinuously throughout the year. The water is soft and alkaline but is extremely
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poor in nutrient salts like phosphates and nitrates. It is fairly well saturated
with oxygen which is nearly homogeneously distributed from the surface to
the bottom. The content of free ammonia is extremely low but the amount
of albuminoid ammonia and of oxidisable organic matter are great and are
found in maximum during the end of the south-west monsoon season.

It does not possess a broad zone of littoral vegetation and any distinct
zonation of plants towards depth. Its aquatic vegetation consists chiefly of
Potomogeton natans and Naias flexilis. Its phytoplankton is not quantitatively
well developed and consists largely of blue-green algae Aphanocapsa elachista
var. novo and Oscillatoria limmetica. Desmids and Diatoms are poorly
represented.

Bacteriologically the lake water is of fairly good quality. Lactose
fermenters are present in volumes of water varying from 60 c.c. to 1 c.c. and
upwards and the total colonies per e.c. growing on nutrient agar at 37°C.
after 48 hours’ incubation varied between 300 and 1,800.

Besides these, the lake water is found to contain other physiological
groups of bacteria such as iron bacteria, HyS producing bacteria, colourless
sulphur bacteria, purple coloured, sulphurless and sulphur containing bacteria
and green coloured sulphur bacteria. All these groups of bacteria do not
occur as such but have been cultured from the Red Hills Lake water. The
existence of iron bacteria can be shown by carrying out & series of experiments
on the lines suggested by Harder (1914). The presence of bacteria capable of
decomposing sulphur bearing proteins and all compounds containing sulphur
other than sulpbates to sulphuretted hydrogen can be demonstrated by inoculat-
ing nutrient agar containing lead acetate and any one of the sulphur compounds
with the Red Hills Lake water. Four types of bacteria—a long spirillum with
three to four windings, a vibrio, a bacillus and a coccus—were obtained (Dey
and Ganapati, 1934). They were able to produce HyS from sulphur, sulphites,
thiosulphates and cystine but not from sulphate in Beijerinck’s protein-free
medium (Beijerinck, 1900). Moreover, none of these bacteria produced H,S
from Van Delden’s (1904) liquid medium. The presence of sulphate reducing
bacteria in the lake has already been reported (Dey and Ganapati, 1934).

As for sulphur bacteria, the presence of the colourless one can be equally
demonstrated by carrying out an experiment described by Winogradsky
(Lafar, 1910, and Ellis, 1932). Purple coloured, sulphurless bacteria can be
shown by inoculating Van Delden’s medium with bits of rotting Plumaiella
collected from the raw water conduit and exposing the bottles to diffused light
for a week. A bean-shaped Spirillum almost agreeing with the description
given by Molisch (1907) for Rhodovibrio parvus has been obtained.

Purple coloured and green coloured sulphur bacteria have been isolated
from the lake water making use of Van Niel’s medium (1931).

Almost all the physiological groups of bacteria mentioned above are
seen in the effiuents or can be cultured from the slow sand filters at Kilpauk
(see Chapter IV).
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The bottom deposits at the Lake.—The surface layer of the bottom sediment
varies from yellowish to brown, but just beneath it the colour is black due
to the presence of hydrated ferrous sulphide. The black colour disappears
on exposure to air. Exactly similar conditions prevail in the slow sand filters
at Kilpauk. The top layer of the filtering medium is brownish and the lower
portion is black due to iron sulphide. The formation of black FeS is attributed
to sulphate reduction (Dey and Ganapati, l.c.).

CrarrEr II.

Biological Conditions of the Raw Water Conduit (7-5 miles long) from Red Hills
Lake to the Water Works at Kilpauk.

From Red Hills Lake the water flows by gravity to Kilpauk, a distance
of 7-56 miles. 57 ventilators are provided, the distance between two being
about 1,000 ft. They are arranged alternately as air inlets and air outlets.
The quality of the raw water was examined only once in 1926 from the sanitary
view.point. Samples drawn on the same day from a number of adjacent
manholes yielded widely variant results, lactose fermenters varying from
‘present in 1 c.c. to present in 60 c.c.’ (Ganapati, 1926). The entire conduit
is water-tight, so that there is no possibility of any sub-soil water entering it
{Hutton-Justice Committee Report, 1917-18, p. 36).

Thick patches of brownish sponge-like growth are seen throughout on
the floor and sides of the conduit just below the surface of the water. They
are found in abundance just near the ventilators. This growth is Plumatella
Tanganyikae (Rousselet) and is also reported to be present in the Water Works
of Hamburg, Torquay and Colombo, and in the lakes Tanganyika, Nyassa,
etc., in Africa (Dey and Ganapati, l.c.). Entangled in the meshes of this
growth are numerous Infusors, Molluscs, Rotifers, Protozoa, Algae (Pediastrum
simplez var. radians Lemm., Staurastrum sp., Pleurosigma sp.), Beggiatoa
and small worms besides brown hydrated oxide of iron. The decayed growth
nearest to the walls of the conduit is always black. The black portions on
treatment with dilute hydrochloric acid evolve H,S8 and become brown.
Exposure to the atmosphere turns it brown proving that the black colour is
due to hydrated ferrous sulphide. Similar black flakes of iron sulphide were
noticed by Kolkwitz (1918) in the salt water ditches of Artern (Germany),
beneath the surface of bunches of Ruppie, and he offered the explanation
based on simple experiments that the process of oxygen consumption by
aerobic bacteria took place on the surface, creating in the interior conditions
favourable for anaerobiosis. Hydrogen sulphide chiefly originated there ‘by
putrefaction and sulphate reduction, under the influence of the anaerobic
fission fungi and led simultaneously to the formation of iron sulphide’.

In the present case, the thick patches of the Polyzoa can be compared to
bunches of Ruppia and the flow of water in the conduit must be considered
glow as the fall from Red Hills to Kilpauk is 1 in 4500. A similar explanation
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for the formation of iron sulphide in the conduit suggests itself. In order to
prove that such was really the case, three bottles of 300 c.c. capacity were
filled with raw water. The first bottle was kept as control, to the second
some decayed bryozoan growth was added; and to the third some growth,
0-5 gm. of magnesium sulphate, and 0-1 gm. of potassium phosphate. All
the three bottles were firmly stoppered, paraffined and kept in the dark for a
fortnight. Within a week bottles IT and III turned black, but the intensity
was greater in the third bottle, which on being opened evolved a pure smell of
sulphuretted hydrogen. It is inferred that as a result of the decomposition of
the added bryozoan growth the free oxygen of water disappeared first, whereby
evidently favourable conditions for the multiplication of strictly anaerobic
sulphate reducers originated, resulting in the production of hydrogen sulphide.

Using Van Delden’s medium (1904) Beijerinck’s Spirillum desulfuricans
(1895) has been cultured from a bit of decayed growth of the polyzoa. By
using methods similar to those mentioned at the end of the last chapter colour-
less and purple coloured sulphur bacteria and purple coloured sulphurless
bacteria have been cultured.

But a piece of filter paper soaked in alkaline lead acetate which was
hung daily throughout the year 1929 did not turn brown or black on any
occasion. There was practically no production of free hydrogen sulphide in
the conduit. This helps us to decide that HoS in the filtrates from the slow
sand filters at Kilpauk is all produced during the process of actual filtration.

Summary.

(1) The water was found to vary bacteriologically when samples were
taken on the same day at different places along the raw water conduit.

(2) The artificial lead from the lake affords highly favourable conditions
for the growth of Polyzoa containing several rotifers, infusors, molluscs,
diatoms, bacteria and worms besides hydrated iron oxide. Sulphate-reducing
bacteria, colourless and purple coloured sulphur bacteria, purple coloured
sulphurless bacteria, iron bacteria were cultured from decayed bits of the
Polyzoa. The inner portions of this animalcule are often black due to iron
sulphide and an explanation has been offered that it is due to putrefaction and
sulphate reduction. Detached brownish and black pieces have often been
found choking filter screens placed at inlets to the slow sand filters and on
the surface of sand, at Kilpauk.

(3) It is free from ‘free HoS’.

" CraprTER III.

The Quality of Raw Walter prior to slow sand filtration.

‘The character of the applied water has also much to do with the quality
of the effluent independent of its bacterial content’ (Turneaure and Russel,
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1929). The chief characteristics of the raw water prior to slow sand filtration
are briefly stated below:—

(a) Physical.

There was no bad smell in the raw water prior to filtration at any
time during the past twenty-five years. As stated already, the colour
and transparency varied in different seasons. Suspended matter varied
from time to time and was most profuse in the hot weather and south-west
monsoon season. This consisted essentially of polyzoan growths in various
stages of decay, detaching themselves from the sides and bottom of the raw
water conduit. These bits were often found to choke the screens at the inlet
chambers of the slow sand filters with the result that in course of time the
screens were eaten away and holes appeared in them. The object of placing
the screens at the inlets to filter beds was thus frustrated. The screens were
intended to prevent frogs, crabs, fish, etc., from entering the beds. They
damage the filtering skin formed on the surface of the sand filters.

(6) Biological.

(i) Bacteriological quality: Speaking generally, it may be stated that the
raw water was of a fair quality almost throughout the year, lactose fermenters
being absent in volumes of 60 c.c. to being present in 1 c.c., and the average
total colonies per c.c. varying between 500 to 1,500.

(ii) Phyto- and zoo-plankton found in the raw water at the Kilpauk
end are:—

Volvocales:

1. Eudorina sp.
2. Phacotus lenticularis, Ehrenb.

Chlorococeales:

3. Oocystis sp;.

4 Do. sps.

5 Do. sps.

6 Do. sp,.

7 Do. sps.
8. Anlkistrodesmus spiralis (Turner) Siemmr.
9 Do. sp. nov.

10. Kirchneriella lunaris (Kirchner) Mob.

11. Do. do. var. nov.

12 Do. 8p. nov.

13. Dictyosphaerium pulchellum Wood.

14. Dimorphococcus lunatus A. Br.

15. Pediastrum clathratum (Schroter) Lemm.

16. Do.  duplex var. cohacrens Bohlm.



SLOW SAND FILTERS AT THE MADRAS WATER WORKS. 245

17. Pediastrum simplex (Meyen) Lemm.

18. Do.  simplex var. nov.

19. Do.  simplex var. duodenarium (Bailey) Rab.

20. Do.  sturmi var. radians Lemm.

21. Coelastrum cambricum var. intermedium (Bohlin) G. 8. West.
22. Do.  microporum Naegeli.

23. Do.  reticulatum (Dangeard) Senn.

24. Scenedesmus perforatus Lemm.,

Oedogoniales:
25. Oedogonium sp.

Conjugales :
26. Spirogyra sp.
27.  Mougeotia sp.
Desmidioideae:
28. Closterium acerosum (Shrank) Ehrenb.
29. Euastrum spinulosum var. inermius Norsdt.

30. Do. cobulatum var. tropicum (W. and G. S. West).
31. Cosmarium Lundelli var. corruptum.
32, Do.  pseudo-connatum var. ellipsoideum (W. and G. 8.
West.)
33. Staurastrum chaetoceras (Schroder) comb. nov.
34. Do. gracile Ralfes.
35. Do. pentacerum (Wolle) G. M. Smith.
36. Botryococcous Braunii (Kiitz).
37. Deo. protuberans W. and G. S. West.
Bacillariophyceae :

38. Melosira granulata {Ehrb.) Ralfs.

39. Synedra wina (Nitzsch) Ebrb.

40. Amphora sp.

41. Rhopalodia sp.

42. Surerella robusta var. splendide (Ebrenb.) Heurck.

Dinophyceae:
43. Peridinium marchicum Lemm.
44. Do. pussillum (Penard) Lemm.

Euglenineae :
45. Euglena acus Ehrenb.
46. Trachelomonas sps.
47. Do. Spg.
48. Do. 8pg-
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Cyanopbyceae :

49. Microcystis elebens (Kiitz).

50. Do. Jlos-aquae (Wittr) Kirchn.
51. Do. marginata (Menegh) Kiitz.
52. Do. robusta (Clark) Nyggard.
53. Do. seripta (Richter) Geitler.
54. Aphanocapsa elachista, var. nov.

55. Aphanothece sp. nov.

56. Do. nidulans P. Richt.
57. Gleocapsa calcarea Tilden.
58. Do. magma (Breb) Hollerbach.

59. @Gleothece distans Stizenb.

60. Chroococcus tenax (Kirch) Hieron.
61. Gomphosphaeria aponina (Kitz).

62. Merismopedia glauca (Ebrenb.) Nag.
63. Do. punctata Meyen.

64. Tolypothriz sp.

65. .Anabaena sphaerica Born.

66. Do. sp.

67. Spirulina laxissima G. S. West.

68. Oscillatoria Raciborskii (Woloez).

69. Do.  limnetica (Lemm).

70. Do.  limosa Ag.

71. Oscillatoria Tanganyikae G. S. West.
72. Do.  sp.

78. Lyngbya sp.

74. Debris.

Zoo-plankton :

Cladoccera :

1. Alonella karua (King) Dad.
2. Do. cambones.

Copepoda :
3. Mesocyclops senckarte.

Ostracoda:
4. Strandesia sp.

Nematoda :

5. Actinolaimus tripapillatus (V. Dady).
6. Dorylaimus carter: Bast.
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Fowler (1923) has stated that ‘the case of vegetable growths, on the
other hand, is by no means so simple; the products of polluting organic matter
are food for lower forms of plant life and so it is possible for a reservoir to be
practically free from pathogenic germs, and yet be green with microflora of
different sorts. This is the problem which has specially to be faced in this
country (India) where the action of sunlight while fatal to bacteria stimulates
photosynthesis................ > ‘It is this biochemical problem which
those in charge of water purification works have got to handle in some form
or other.’

Chemical.—Waring (1923) noticed intimate relationship between ‘river-
stage’ and some of the important chemical constituents of Ohio river water.
Tastes and odours were noticed in public water supplies of Ohio State, and
an attempt was made to find out if there was any correlation between the
‘river-stage’ and some of the important chemical constituents such as dis-
solved oxygen, absorbed oxygen, ammonia, alkalinity, turbidity, chloride
and sulphate.

The results of the weekly determinations during 12 months for the above
constituents on the same plan as adopted by Waring (l.c.) are given in Table I.

(i) Dissolved Ozygen.-—Waring has stated that ‘the decrease of dissolved
oxygen constituent is the most important single factor entering into the
intensity of earthy tastes and odours’, for if no dissolved oxygen was present
to oxidise readily the oxidisable organic matter present in raw water, then
‘that oxidation raust take place at the expense of certain reducing substances
resulting in objectionable tastes and odours’. A study of the results in Table 1
shows that there is a ‘very high’ positive correlation between ‘lake level’,
and ‘dissolved oxygen’, the coefficient being +0-97. In other words, when
the level of water in the lake went low, the dissolved oxygen also went low,
and vice versa. And when the level of water fell in the lake the production
of sulphuretted hydrogen was found to be intense. Estimations of dissolved
oxygen were made by Winkler’s method (1913).

So in the prefiltration water there is a decided diminution of oxygen when
the lake level is low. Therefore conditions for sulphate reduction are more
favourable in the summer months.

Again, the figures for ‘dissolved oxygen’ bear an intimate inverse relation
to temperature of raw water, the Pearsons’ coefficient being —0-96.

(ii) Absorbed Oxygen.—This test gives us a figure for the amount of oxygen
absorbed by the organic matter. This also shows that there is a ‘very high’
inverse correlation between the two, the Pearson’s coefficient being —0-86.

The results of a systematic study of the oxidisable organic matter of the
raw water at the Kilpauk end made by Ganapati and Padmanabha Pillay
(1936) during the years 1924-1934 showed :—

1. That the oxidisable organic matter had two maxima in a year, the
first maximum occurring in the hot weather period; the second maximum

8
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was in the south-west monsoon period. For the years 1930, 1931 and 1932,
the first maximum was slightly higher than the second.

2. That the lowest figure was reached in the north-east monsoon or
cold weather period, when the lake level was highest.

3. For the eleven year period the highest figure was reached in September,
1927 (drought year) and the lowest in December 1932 (maximum rainfall).

4. That a high negative correlation (Pearson’s coefficient) of —0-693 was
found between organic matter and lake level. Regression of organic matter
Y on lake level X is found to be linear by statistical tests. The equation to
the regression straight line is

Y = +0-5427 — 0-0062 X

(iii)) Ammoniacal Nitrogen.—The annual averages varied from 0-001 to
0-006 parts per 100,000 during 1925-1935 (Ganapati), and according to Thresh
(1913) indicates vegetable contamination.

(iv) Albuminoid Nitrogen.—This test indicates the ammonia produced
by the decomposition of the nitrogenous organic matter by alkaline per-
manganate. The results for 1929 show that there is a ‘very high’ inverse
correlation between this and the lake level, the Pearson’s coefficient being
—0-78.

(v) Alkalinity.—~These figures for 1929 bear a close relation to the plankton
contents of raw water according to Whipple (1914). A study of the results
in Table I shows that there is a ‘very high’ inverse correlation with lake level,
the Pearson’s coefficient being —0-76.

(vi) Turbidity.—This test fairly indicates ‘the presence of particles of
matter in suspension such as clay, silt, finely divided organic matter, and
microscopic organisms’. Estimations of ‘turbidity’ were made according to
the U.S. Geological Survey Turbidity rod method (Whipple et al, l.c.). A
study of the results (Table I) shows that there is no significant degree of rela-
tionship with the lake level, the Pearson’s correlation coefficient being —0-07.

(vii) Chlorine.—Table I shows that there is a‘very high’ inverse correlation
with the lake level, the Pearson’s coefficient being —0-92.

(viii) Inorganic sulphate ‘SOg’.—Table I shows that there is a ‘very high’
inverse correlation with the lake level, the coefficient being —0-94.

Further statistics for 1929 (Table I) show that there is a ‘high’ inverse
correlation between ‘dissolved oxygen’ and ‘absorbed oxygen’, the coefficient
being —0-74 and high direct correlation between ‘sulphates’ and ‘absorbed
oxygen’, the coefficient being +0-80; while there is practically no significant
degree of relationship between ‘dissolved oxygen’ and ‘turbidity’ and between
‘turbidity’ and ‘absorbed oxygen’, the coefficients being —0-074 and —0-013
respectively.

Summary and Oonclusions of Chapter I11.

(i) That there is a close relationship between the lake level on the one

hand, and dissolved oxygen, absorbed oxygen, albuminoid nitrogen, alkalinity,
8B
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chloride and sulpbate on the other is known by their respective correlation
coefficients. There is practically no relation between the lake level and
turbidity and between turbidity and absorbed oxygen. There is ‘high’ correla-
tion between dissolved oxygen and absorbed oxygen and between sulphate
and absorbed oxygen.

(ii) So in the hot weather and south-west monsoon periods there is
excessive organic matter. Oxygen content diminishes. Temperature is
higher. Inorganic sulphates are fairly high. H,S producing bacteria are
present. Alkalinity is high and the stage is set for sulphate reduction with the
resulting H,S production and the attendant biological phenomena in the slow
sand filters a$ Kilpauk.

CrarrER IV.
Bio-chemical changes taking place in the Madras Slow Sand Filters.

This chapter is considered below under (A) General; (B) Physical condi-
tions; (C) Chemical conditions; and (D) Biological conditions.

A. General.

1. A description of the section of a Slow Sand Filter.

Briefly stated the sections of the filters beginning at the top are as
follows :—

Average depth of raw water .. . .. 39
Fine sand . .. . .. 28"
Coarse sand .. .. .. L2
Broken stone graded .. .. o4
Brick under-drains .. . .. 8
(a) Average mechanical analysis of the fine sand layer is given below.
Pagsed through 1/16 .o .. .. 1009%,
Retained on  1/20 . . .. 21:25%,
” 1/30 .. . .. 31-56%
» 1/50 .. . .. 39-85%
» 1/75 .. .. .. 5949
. 1/100 .. .. .. 1099
Passed through 1/100 .. . .. 031%

(8) The uniformity coefficient of fine sand was 2-36.
{¢) Effective size of sand was 0-33 mm.

2. Life of the Slow Sand Filters and Filter Head.

(2) The life of a slow sand filter is governed by the amorphous suspended
matter and plankton in raw water. In London ‘the Hfe of a slow sand filter
varies from a week or even less to 3 months depending upon the season of the
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year and the condition of water’ (Prescott, 1935). In Cheltenham, where the
same system of filtration was adopted for twelve years, it was found that the
life of a filter never exceeded three weeks (Pickering, 1934). At the Madras
Water Works a filter bed worked for 86 days to 112 days at the very first run,

but its second and subsequent runs were respectively reduced to about 20
days (G.W.F.C.R., 1930).
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The life of a slow sand filter is only 2-83 weeks, and is also much less, i.e.
9-14 days in the hot weather and south-west monsoon periods, than in the
other seasons of the year (Ganapati, 1926). The shortening of the life in the
above periods has to be attributed to the excessive amount of organic matter
in solution and in suspension.

3. Penetration of Silt.

The depth to which silt penetrated into the sand layer is determined as
follows. ‘From each layer, one inch in depth, sufficient sand was taken to
fill a glass cylinder three inches in diameter to a depth of three inches. This
was vigorously shaken with clean water and allowed to settle for half an hour,
at the end of which period the depth of sediment over the sand was measured.’
The results of a typical analysis in a Madras sand filter are as follows:—
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Depth of layer from Depth of sediment after
surface in inches. % hour settlment.
0-1 .. 1/2
1-2 .. 3/8
2.3 . 1/4
3-4 . 3/16
4.5 . 3/16
5.6 .. 1/8
6-7 .. Trace.

‘These figures show olearly that the colloidal matter penetrated to about
6" depth, in a slow sand filter with 28" thickness of sand.’ (Madeley, 1923.)

The silt was invariably dark brown, which on exposure became less dark
or brownish.

B. Physical Conditions of the Effluent.

(i) Colour and Transparency.—During the hot weather and south-west
mongoon periods the raw water was yellowish and opaque while the filtered
water was colourless and clear except for the presence of floating whitish
gelatinous particles of sulphur bacteria.

(i) Smell.—The filtered water had a distinct smell of sulphuretted
hydrogen. This was not noticed in the very first run of a slow sand filter for
two to three months but towards the end of the first run the smell was usually
evident. A new bed worked for a period of 50 days satisfactorily from 11th
April, 1924, and had to be stopped on 31-5-34 for 4 days owing to the evolution
of HoS. Another new bed worked for 47 days and then began to produce
H,S. In the subsequent runs through the same filter beds the smell appeared
much earlier (Ganapati, 1924).

The presence of HoS gas was confirmed by lead paper test. Sodium
nitroprusside did not produce any reaction (Kenwood, 1920) in filtered water
samples containing H,S when a few drops were added, showing that HoS and
not AmgS was liberated. Glass beads soaked in isatin-sulphuric acid in a
tube open at both ends and packed with glass wool did not produce the charac-
teristic reaction for mercaptans (Lehmann and Neumann) when the tube
was suspended in the filtered water chamber. That H,S and not Am,S or
mercaptans was produced in the slow sand filter effluents was established. HyS
is noticed also in the slow sand filters of Adoni, Salem and Baroda, and this
has been stated to be worse there during the summer months.

Appreciable quantities of HyS have been found near the bottom of lakes
Mofford, Girote, Weissowo, Ritom, Hallurbe, and Hemmelsdorfer (Bavendamm,
le.). In all those places, the production of H,S was attributed to sulphate
reduction.

The presence of HyS in the bottom layers of lakes Singetu and Hiruga,
Japan, has -been noted and its origin traced again to sulphate reduction by
Yoshimura (1932).
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Again, Ruttner (1932) has found H,S in the hypolimnion of lakes in the
East Indies, and ascribed its presence entirely to the activity of the sulphate-
reducing bacteria.

The odour of HgS is often perceptible at the straining shaft of the Labugama
lake in Ceylon (Hirst, 1921).

In Madras H,S is noticed during the hot weather and south-west monsoon
periods in the sewage-polluted Cooum river and Buckingham Canal.

At Mettur, the third biggest artificial reservoir of the world, H,S is evolved
as the water escapes through the sluice gates.

In all the places mentioned above the formation of the gas is ascribed to
biological action. Thresh ef al (1933) have stated that ‘in some cases hydrogen
sulphide may be due to a purely chemical reaction but in many the more
probable explanation is the decomposition of sulphates or of albuminous
matter by low forms of vegetable life’. .

In all the cases enumerated above (which is almost an exhaustive list)
sulphuretted hydrogen is produced under natural conditions and was studied
with reference to the presence of colourless and red sulphur bacteria. The
lakes of the temperate region referred to previously were not drawn on for
domestic consumption and filtration with the aid of slow sand filters was not
attempted so far as is known.

In the tropics, however, in places which are not fed by rivers, water
fit for human consumption is derived from artificial or natural lakes, e.g.
Salem, Adoni and Madras. The attempt to purify such waters by a system
of slow sand filtration has the undesirable result of presenting in the filtered
water an objectionable gas transmitted for human conception which was not
found in the prefiltered water or at the source. What would have been the
result if the water from temperate lakes were so treated where the sulphate-
reducing bacteria have been found must remain a matter for speculation. All
the necessary conditions for this trouble are there and the only varying factor
is temperature.

Measures to get rid of this smell at Madras by pretreating the raw water for
one year in 1929 with a dose of chlorine varying from 1 to 3 parts per million
on the advice of Major Morrison (1920) were not successful (Ganapati, 1930).

(iii) Pemperature.—The temperature was noted for the influent and effluent
of a slow sand filter. This is shown in Table II. There is no appreciable
difference between the two. This is also confirmed by the temperatures of the
effluents collected from taps situated at different levels in a slow sand filter.

C. Chemical Conditions.
The chemical changes which take place in the process of slow sand filtration
of Red Hills Lake water have been studied by me and the Committees (G.O.
Nos. 1576, 546, 1934, 1550, 709, 932, 1419) appointed by the Madras Government
from time to time. The latter committees confined themselves to testing the
efluent exclusively for its hygienic quality.
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It is now proposed to discuss the chemical changes taking place in typical
runs of filters under the following heads:—

1. Dissolved Gases :
(a) Dissolved oxygen.
(b) Free carbonic acid.
(¢) Sulphuretted hydrogen.

II. Hydrogen ion concentration (pH).
III. Estimation of elecirolytes :

(@) Carbonates and bicarbonates.
(b) Sulphates.

(¢} Chlorides.

(d) Total Hardness.

(e) Iron (Ferrous).

IV. Estimation of organic substances and their decomposition products :

(@) Oxygen absorbed.
(b) Ammoniacal nitrogen.
(¢) Albuminoid ’s
(d) Nitrous ’e
(e) Nitric »

V. Discussion of results.
(a) Effect of slow sand filtration on dissolved gases.
(b) Effect of slow sand filtration on organic matter (oxygen absorbed
and ammoniacal N).
(c) Effect of slow sand filtration on sulphates.
(d) Effect of slow sand filtration on chlorides.
{e) Effect of slow sand filtration on total hardness.
(f) Effect of slow sand filtration on ferrous iron.
(9) Effect of slow sand filtration on oxidised nitrogen.

I (a). Dissolved Oxzygen.

Dissolved oxygen was estimated by the Rideal and Stewart’s modi-
fication (1901) of the Winkler method. Table III contains the results
in two runs of an experimental slow sand filter containing three feet depth of
fine sand. Four taps were located one below the other at different depths
in the body of the filter. Samples were collected on the first, third, eighth,
tenth and nineteenth day in the first run, and on the second, fourth, eighth,
and eleventh day in the second run.

Vertical changes.—In the first run, on the first day, dissolved oxygen was
present in all the taps but there was a gradual fall from raw water to the
final effluent. On the third day, the fall was more rapid from tap to tap
than on the former occasion, and there was practically no oxygen in the last
two taps. Conditions were similar on the eighth day; and the fall was also
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greater. On the tenth day, it was practically nil in the last three taps,
the decrease from raw water to the final efluent reaching the maximum.
On the 19th day, the situation was the same as on the 9th day except for a
slight increase in the efluent from the first tap.

Seasonal variations.—The efflnent from the first tap showed a day to day
decrease. It was 2:86 c.c. on the 1st, 1-69 c.c. per/l on the 3rd and 1:85 c.c.
per/l on the 8th day, and 0-33 c.c.fl on the 10th and 0-87 c.c./1 on the 19th
day. The dissolved oxygen was much less in the second tap and the fall from
day to day was fairly great. In the third and fourth taps a minimum amount
detectable by the Winkler’s test or nil was found on the different days.

These results are confirmed in the second run. It is inferred therefore
that the depletion of dissolved oxygen starts from the bottom of the filter and
extends upwards; in about ten days anaerobic conditions appear to be formed
in the entire body of the filter.

I (b). Free Carbonic Acid.

Table III (@) contains the results of free carbonic acid examined at
different depths in two typical runs of the experimental slow sand filter already
referred to.

Vertical changes.—Free carbonic acid was not present at any time in the
raw water, but it was present in the effluents drawn at all depths. It gradually
increased from the first to the last tap, the maximum and minimum being
found in the last and the first taps respectively. There was no significant
difference from tap to tap.

Seasonal changes.—Though it was present on all the days in the first tap,
the increase from day to day was not regular. The results from the second
run confirm the above findings.

I (c). Free Sulphuretted hydrogen.
This gas was also produced. The variations in the quantity of this gas
from day to day are given in the Table below for a typical run.

Table showing the quantity of HoS produced in the final effluent
during one run of Bed I.

Date of starting. Date of H,S mg./L. Remarks.
estimation.
13th July, 1929 .. Started the filter.
July 16 0-6
» 19 1-0 ceee
, 22 13 cen.
w 28 18 cese
» 28 2-0 ceee
» 31 2-6 cese
August 3 32 vere

Stopped on August 5, 1929,
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A gradual increase is noticed in the course of 19 days from 0-6 to 3-2 mg. /1.
The Government Committee found in their experimental slow sand filter as
much as 87 mg./1 being the average of nine readings in October, 1929. The
maximum recorded by them was 10 mg./1, and it was continuously present
in increasing quantities (G.0. 932 P.H., 12th April, 1930).

II. Hydrogen ion concentration (pH).

In Table IV the pH values for raw and filtered water for the control slow
sand filter for one typical long run is given. Tt will be seen that while the pH
value for prefiltration water varied from 82 to 84, that for the effluent
decreased from 7-4 to 7-1.

II1. Estimation of Electrolytes.
(a) Carbonates and Bicarbonates.

The typical changes taking place in the above substances is shown
in Table V. Carbonates were present in raw water but not in the effluents
from the different taps. This is due to the presence of free carbonic acid which
converts the carbonates into bicarbonates.

Vertical changes.—The bicarbonates were higher in all the taps and on all
days than the corresponding values for raw water. The maximum difference
was noticed between the raw water value and the first tap value, while the
differences between successive taps were considerably less. The differences
between the second and third taps and between the third and fourth taps were
not regular.

Seasonal changes.—The bicarbonate content in the first and second taps
was not found to vary from day to day but was nearly constant, while in the
third and fourth taps a distinct increase was noticed after 4 to 8 days.

The increase in the first tap over raw water in its content of bicarbonate
has to be attributed to the biochemical changes taking place on and below the
filtering skin.

(b) Sulphates (Table VI).

Estimations were made of the sulphate content of raw water and filtered
water. From the latter, HyS was removed by boiling after acidifying with
HCL. The results shown in Table VI indicate a loss in sulphate in the process
of filtration, and the average loss in sulphate was 2-3 mg./1 as SOg which
corresponds to about 1-0 mg. of HyS per litre. But the output of the gas
(H,8) is far in excess of what the loss (i.e., the difference in the sulphate content
of raw and filtered water) warrants. The results shown in Table VII also
confirm this. The extra amount of hydrogen sulphide has to be explained
(see pp. 260-261).

(c) Chlorides.

A perusal of the results in Table IV will show that there was no change
during the process of filtration and so chlorides do not appear to have any
biological significance,
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(d) Total Hardness.

There was no change in the total hardness as a result of slow sand filtration
(vide Table IV).

(e) Iron (Ferrous).

Ferrous iron was absent in raw water, but was found in filtered water
(Table IV).

IV. Estimation of organic substances and their decomposition products.

(a) Oxygen absorbed.

Oxygen absorbed both by oxidisable organic matter and the inorganic
matter (HyS and ferrous iron) was estimated in the effluents from taps located
at different depths of the small experimental slow sand filter (Tables VIIT
and IX). The vertical and day to day changes for the experimental sand
filter are considered first.

Vertical changes.—With the increase in depth, the figures for oxygen
absorbed (both for the 4 hours and 5 minutes test) increases. Maximum figures
are obtained in the final effluent.

Day to day changes.—Generally speaking, the results for both the tests
show a definite increase.

From Tables VIII and IX, it will be seen that the figures for oxygen
absorbed were less than those of raw water until the appearance of H,S and
later on they increased.

Seasonal changes.—The seasonal changes for two years are shown in
Table X. Excepting January, February, November and December, the values
for the effluent were always higher than the corresponding raw water values.
Maximum figures of 0-336 and 0-369 parts per 100,000 were obtained in
September (south-west monsoon period) 1928 and 1929 respectively.

(b) Ammoniacal N. (Table XI).

From Table XT for one typical bed, it will be seen that this figure showed
a gradual increase from day to day and was always greater than the raw
water figure. This is never the case in all the sand filter effluents of the
Metropolitan Water Board, London.

It will also be seen that the figures for the effluent were equal to or very
slightly greater than the corresponding raw water values in the north-east
monsoon period (November and December) and in the cold weather period
(January and February), while in the other months they were definitely higher
than the raw water values. In 1928 and 1929 the maximum figures were
obtained in September (south-west monsoon period).

(¢) Albuminoid N. (Table XII.)

While the former values were almost always higher than those of raw water,
the albuminoid ammonia figures were always less than the raw water values.
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(d) and (e} Nitrous N and Nitric N were both absent in the influent and
efffuent from all the slow sand filters (vide Table IV).

V (a). Effect of slow sand filtration on dissolved gases.

Whipple et al (1929) have stated that ‘when water containing a great deal
of organic matter or plankton is filtered through slow sand filters oxidation
of the decomposing organic matter may exhaust the supply of dissolved oxygen’.
Noll (1929) found that the dissolved oxygen content of water changed in
passing through sand filters and stated that oxygen might have been used up
either by bacteria or by chemical reaction in the filters. Raghavachari and
Ganapati (1929) have found that in the Madras slow sand filters ‘there was a
consistent and progressive reduction in the oxygen content from day to day
and that when sulphuretted hydrogen appeared in the filtrate, the dissolved
oxygen figure showed further progressing reduction and finally reached zero
as the hydrogen sulphide increased considerably’. The results obtained in
the present case are in agreement with those of Whipple (I.c.) and Noll (l.c.) The
depletion of ‘dissolved oxygen’ may therefore be due to bacterial decomposi-
‘tion of organic matter creating anaerobic conditions inside the filter.

V (b). Effect of slow sand filtration on organic matter (oxygen absorbed and
ammoniacal N).

This conclusion is further supported by the increased figures in ‘free
ammonia’ and the low figures for ‘albuminoid nitrogen’ and the presence of
sulphuretted hydrogen in the filtered water. Ammonia and hydrogen sulphide
might have resulted from the decomposition of sulphur-bearing proteins
contained in the bodies of planktons, Infusoria, algae, Crustacea, Bryozoa, ete.,
brought in by raw water and deposited in the filter sand. The three gases
hydrogen sulphide, carbon dioxide and ammonia are characteristic products of
such a process (Lafar, 1910 ; Singer, 1930). The decrease in pH of filtered water
may be due to the presence of hydrogen sulphide and carbon dioxide.

The results of free carbon dioxide, pH ‘fixed solids’, ‘ignitible matter’,
‘ammonias’ and ‘absorbed oxygen’ are shown in Table XIII. A study
of the results shows: (i) that hydrogen sulphide was noticed on the fourth
day of the starting of the filter; (ii) increased figures for ‘ammoniacal nitrogen’,
and ‘absorbed oxygen’; and (iii) decreased figures for ‘albuminoid nitrogen’
were noticed in the filtrates. Further, while there was no free carbon dioxide
in the raw water, the filtered water samples showed a distinet increase.
There was an average loss of 1-56 parts per 100,000 of ‘ignitible matter’ in the
process of filtration. (This result is probably high as errors may arise
[Notter and Firth, 19217 in the form of loss of water of crystallisation from
calcium sulphate and from decomposition of carbonates.)

From Tables IV and XIIT it will be evident that decomposition of organic
matter is taking place in the filter resulting in the production of ‘free ammonia’
and carbon dioxide. Hydrogen sulphide is also produced at the same time
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and it has to be examined whether this gas is the direct result of decomposition
of organic matter as‘free ammonia’ and carbon dioxide or by any other process,
or both (Thresh et al, 1933; Harder, 1919). The high figures in the two
cases of ‘free ammonia’ and ‘absorbed oxygen’ may be due to the influence
of hydrogen sulphide, for, in the determination with Nessler solution of ‘free
ammonia’, the intensity of colour is increased by the presence of this gas.
Due allowance was not made for this. The figures for absorbed oxygen are
also similarly exaggerated. For Thresh et al (1933) have observed that
‘inorganic substances like the lower oxides of iron, nitrites and hydrogen
sulphide are capable of absorbing oxygen from potassium permanganate’
(used in Tidy’s 4 hours’ test) and therefore have suggested in such cases a
method of estimating the amount of oxygen taken up by these substances.
Table XIV contains the results of analysis for ‘ammonias’ and ‘absorbed
oxygen’ in Bed I. Error arising from the presence of sulphuretted hydrogen
in the filtered water in each case was also determined, the former by the method
described by Desgrez, Lescoener and Manjean (1926) and the latter according
to Thresh’s method (1933). From the results, the following observations appear
justifiable:—
(i) There was a distinct increase of ‘free ammonia’ in the filtered
water.
(ii) An appreciable amount of ‘free ammonia’ was still found in samples
of filtered water from which hydrogen sulphide was removed.
(iii) There was a distinct decrease in the figures for ‘ albuminoid nitrogen’.
(iv) The figures for ‘total oxygen absorbed’ (by organic matter and
hydrogen sulphide) were higher than the corresponding figures for
raw water.
(v) But the figures for ‘oxygen absorbed’ by hydrogen sulphide alone
showed a gradual increase.
(vi) The figures for‘oxygen absorbed’ by organic matter alone (difference
of figures in columns 13 and 14) were lower than the corresponding
figures for raw water.

From the foregoing it may be concluded that there is an appreciable
quantity of ‘free ammonia’ corrected for hydrogen sulphide in the filtrates
and that ¢ oxygen absorbed’ by organic matter is much less in the filtrates.

Statistical correlations.

The figures for the first run in Table XIV show that there is ‘high’ and
direct correlation between ‘ammoniacal nitrogen’ (not corrected for hydrogen
sulphide) on the one hand and ‘total oxygen absorbed’ and ‘oxygen absorbed’
by sulphuretted hydrogen on the other hand, the coefficients being +-0-86 and
+0-90 respectively. There is also a very high and direct correlation between
‘tota] oxygen absorbed’ and ‘oxygen absorbed’ by hydrogen sulphide, the
coefficient being +0-97 and between organic matter lost in the process of
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filtration (being the difference in figures between ‘oxygen absorbed’ by organic
matter alone in raw and filtered water) on the one hand and hydrogen sulphide
and ‘ammoniacal nitrogen’ (corrected for hydrogen sulphide) on the other,
the coefficients being +0-60 and -0-44 respectively. Therefore, it is estab-
lished that a close relationship exists between organic matter lost in filtration
and hydrogen sulphide and ‘free ammonia’ noticed in the filtrates.

V (c). Effect of slow sand filiration on the sulphates.

Is the production of hydrogen sulphide of organic or inorganic origin or both ?

The next point to consider is about the origin of HyS. It has already
been shown in the Table on p. 2564 that (i) a gradual increase in HyS is noticed
as & filber goes on working and that in the course of one week the gas was found
to increase from (-6 to 3-2 mg. per litre; (ii) a loss in sulphate content occurs
in the process of filtration which corresponded to 0-8 mg. per litre; and (iii)
the output of HyS was far in excess of what the loss (i.e. the difference in the
sulphate content of raw and filtered water) warrants. The extra amount of
H,S has to be explained and only two other sources naturally suggest them-
selves. One of them is the sulphur-bearing protein in organic matter of raw
water.

Estimation of sulphur-bearing proteins.

The total sulphates were estimated as described below! and the inorganic
sulphate as stated in Scott’s. The difference between the ‘total sulphates’
and ‘inorganic sulphate” gives the figure for sulphur existing in other forms of
combination (sulphur-bearing proteins). The results are shown in Table XV.
A study of the results shows that there is not an appreciable difference in the
two cases in raw water samples. Within the limits of experimental error
they appear to be the same, and as such it is quite probable that there is no
appreciable amount of sulphur-bearing proteins, which could be estimated in
samples of one litre. This conclusion is supported by Peterson, Fred and
Domogalla’s (1925) study of the Wisconsin lakes for the presence of amino-acids
such as tryptophane, cystine, histidine and tyrosine.

Cystine 2, the sulphur containing amino-acid, varied from 1-5 to 7-6 mg.

per cubic metre in the different lakes and in one lake the surface sample

1 One litre of water was evaporated to dryness over a water-bath and the residue was
treated with fuming HNOg and transferred to a flagk fitted with a reflex condenser. The
flask was heated over a water-bath for three hours. Then the contents of the flask were
transferred to a porcelain dish and HNOg was driven off by evaporating twice nearly to
dryness on the water-bath after adding HCl; the sulphate was then estimated as in the
case of inorganic sulphate (Scott).

2 Cystine is the sulphur containing amino-acid from which the putrefactive bacteria
produce HyS (Wilson) probably in the following manner: The decomposition of Cystine
leads through thioglycolic or thiolactic acids to mercaptans which are further changed
into Hgs.

CHy
2 CH, . SH —— >S+ H,S
CH,
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contained much less than the bottom sample. The Red Hills Lake water drawn
as it is from near the surface does not contain appreciable quantities of sulphur
bearing proteins. In comparison with inorganic sulphate, organic sulphur is
insignificant ; and as such this source of sulphur at the filter may be considered
negligible. The only other source is sulphate from sand.

The contribution of sand in filler beds to the amount of sulphate available for
reduction and its réle in the evolution of H,S.

Table XVI shows the result of analysis for iron and sulphate of different
samples of sand: (i) fresh river sand, (ii) used and washed sand (from Filter
No. 1), and (iii) used but not washed black sand (from the same filter). The
sand used in the filter and unwashed contains more iron and sulphate than
the sand used in a filter but washed. (In practice the same sand is washed
and used in the filter every time a filter goes out of action.) Iron in fresh
river sand (the sand used in the filter was also obtained from the same place)
was very much the same as the used and washed sand. Therefore it appears
that sand as it is being used in filters gathers to itself more and more of iron
and sulphate. The process of such accretion is explained.

It has been said that the soil beneath the lake is laterite in origin and
rich in iron. Iron in the form of brown ferric hydroxide is brought from the
lake and deposited in sand, especially in summer months.

H,8 produced by sulphate reduction goes to form iron sulphide which
later when exposed to the sun and air for purposes of cleaning becomes its
sulphate (Van Hise). Thus the amount of sulphate in sand is augmented and
is never diminished.

Th& sand in the beds has been used for several years and the original
sulphate if any must have gone the way of other inorganic sulphates, and what
is now found in the sand is probably the newly formed sulphate deriving the
sulphur for its formation from H,S obtained chiefly by sulphate reduction.

The two Tables XV and XVI clearly show (1) that HyS from sulphur
containing proteins is negligible when compared to sulphur from inorganic
sulphates, (2) that the sand in the beds, after it has been long in use, does not
of itself contribute sulphur.

There still remains the problem from where the HyS comes, in excess of
what the loss in sulphate as a result of reduction warrants us to expect.

What is the agency that controls the increased output of HoS ?

The controlling agent in all probability is carbon dioxide.

Decomposition of protein matter liberates chiefly COy and free ammonia
and also some H;S. The process of decomposition is most vigorous in the
summer months when concentration of organic matter is the greatest and
the temperature is most favourable.

The sulphide of iron however formed, but observed in large quantities in
sand used in filters, is acted upon by CO, and water (Lipman, 1921). When
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sufficient carbon dioxide is formed alkaline conditions may change into acid
conditions at some stage inside the filter. Under such conditions the sulphide
of iron which is only slightly ionised under alkaline conditions would be con-
verted into H,S; while the sulphides of Ca and Mg are easily acted upon by
CO; and water resulting in H,8 according to the following equation :—

MS+CO0y+H,0 —— H,S+MCO3 where M stands for Fe, Ca and Mg
(Harder, l.c.).

Einsele (1936) has stated that in lakes ‘Sicher ist dabei bis jetzt nur das
cine: daf dic Reaktion

FeS+H,C03 —> FeHCO3+ HyS under allen Umstanden sehr langsam vor
sich geht’. -

It has been noticed in Table X1V that an increased output of HgS is always
accompanied by an increased production of ‘free ammonia’. There can be
no direct correlation between H,S and ‘free ammonia’, but the apparent
relation as revealed in that table only shows that the increased amount of
‘free ammonia’ is accompanied by increased quantities of COj resulting in
a corresponding increase of H,S.

In the winter months the output of H,S is very much less. The process
of sulphate reduction takes place even in those months as evidenced by the
formation of black iron sulphide in sand but HsS is not noticed in the filtrates
in the same large quantities as in summer. This is due (1) to the small scale
of decomposition of protein matter as a result of dilution of organic content
in the lake, and (2) to HyS being taken up by iron insand to form black iron
sulphide.

It will be seen therefore that sand acts only as a storehouse for the sulphide
and CO, as the regulator of the output of H,S in slow sand filters. In other
words, more CO, production means more HyS production. So the increased
output of HyS is thus explained.

Agency responsible for HyS formation.

The chief source of sulphur appears to be inorganic sulphate in raw water.
It is, therefore, suggested that ‘Sulphate Reducers’ are the active agencies
responsible for the reduction of sulphate to HyS in sand filters, while the
putrefactive bacteria play but a secondary réle in the production of this
substance from sulphur-bearing proteins. Beijerinck’s Spirillum desulfuricans,
the sulphate-reducing organism, has been isolated from the lake water, conduit
and the sand filters by me (Dey and Ganapati, l.c.) and it has been proved
that the biological reduction of sulphate is the major process responsible for
the production of HS in the sand filters.

V (d), (e). Effect of slow sand filiration on chlorides and total hardness (Table 1V).

No change is seen in the above as a result of slow sand filtration.
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V(f). Effect of slow sand filiration on ferrous iron (Table IV).

The iron content increases in the filtered water and this has to be attributed
to.the excessive amount of free carbonic acid formed inside. Carbonic acid
converts iron compounds into soluble ferrous carbonate and carries them
away in solution.

V(g9). Effect of slow sand filtration on oxidised nitrogen (nitrites and nitrates).

Whipple et al (1927) have stated that as a result of oxidation the effluent
of slow sand filters usually contains a large amount of nitrates. Raju (1925-26)
has stated that according to some people the efficiency of filtration ‘in the case
of slow sand filters is at least partly due to the activity of the nitrifying
organisms establishing themselves on the sand surface’, and he tried to find
out how far the above statement was true in the case of Bengal filters. He
found that ‘to all appearance the surface of slow sand filters appears to be an
ideal place for the vigorous development of the nitrifying organisms but the
results obtained in the course of this investigation do not at all point to any
such action’. The results obtained at Madras seem to confirm Raju’s findings,
for at no time have nitrites or nitrates been detected in the effluent from slow
sand filters. More of this under ‘nitrifying organisms’ has been given,

Summary and Conclusions.
1. Dissolved gases.
(a) Dissolved oxygen is reduced almost completely.
(b) Free carbonic acid is increased.
(¢) Sulphuretted hydrogen is increased gradually.

1. Hydrogen ion concentration (pH).
PH is lowered and reaches round about the neutral point.

III. Electrolytes.

(a) Carbonates are absent and bicarbonates show a definite increase.

(b) Sulphates are reduced to an appreciable extent due to biological
action of Beijerinck’s Spirillum desulfuricans.

{c) Chlorides are unaffected.

(d) No change in total hardness.

(e) There is a definite increase in ferrous iron in the south-west monsoon
period.

IV. Organic substances and their decomposition products.

(1) In one litre of raw water, sulphur-bearing proteins are negligible.

(2) Oxidisable organic matter figures are always higher than the corre-
sponding raw water figures when HgS and ferrous iron are present. But if due
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allowance is made for the latter, then the absorbed oxygen figures are con-
siderably lower than those for raw water. A maximum reduction of about
609, is noticed.

(3) Ammoniacal nitrogen figures also show similar high figures like (2)
and the presence of HoS is responsible to a large extent for this increase.
Estimations made after removing H,S also give higher figures than those for
raw water.

(4) Albuminoid nitrogen always shows a reduction over raw water, the
average reduction being about 509, in the hot weather and south-west monsoon
periods.

V. How the filter sand acts only as a storehouse for the sulphides;
carbonic acid most probably regulates the output of free hydrogen sulphide
in the filtered water; and how the various other changes mentioned in I to IV
are brought about in a slow sand filter have been explained.

D. Biological Conditions.

The Madras slow sand filters are able to remove the visible suspended
matter causing turbidity but are unable to retain all the bacteria in the crude
water. In Germany sand filters are said to remove about 999 of the total
number of bacteria present in raw water (Rideal and Rideal, 1914), and again
at Albany and Washington, 99-6%, (Turneaure and Russel, 1929).

The bacterial efficiency of the Madras slow sand filters is considered below
under the following heads:—

A. Tests employed for determining bacterial efficiency.

B. A consideration of the bacteriological results of the sand filters:
(i) run under ideal large scale working conditions by the
Corporation and (ii) run under ideal conditions on a small scale
by the Government Water Filtration Committee at Kilpauk
separately and using one of the Corporation filters.

C. Special investigations.

D. Discussion of results.

A, Tests employed for determining bacterial efficiency of a purification plant.

Two tests are usually employed for determining the bacterial efficiency of
a purification process. They are : (i) the total colonies count per ¢.c. on nutrient
agac or gelatin and (ii) B. Coli content. As for the first test, the estimation
of the total colonies count of the water before and after filtration is generally
employed for assessing the degree of bacterial purification effected in the course
of filtration. Raju (1926-27) abandons this as he thinks it is subject to con-
siderable experimental errors and is in favour of B. Coli estimation with
Macconkey’s bile-salt-neutral-red-lactose broth using varying quantities of

9
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water. He concludes from the dry weather results of slow sand filters of
Hooghly-Chinsurah water works that filtrates should conform to a minimum
standard of no lactose fermenters in 10 c.c. of water (Raju, l.c.). He has
employed this test for assessing the bacterial efficiency of Bengal sand filters.
Whereas in Europe (Rideal and Rideal, 1914) and America (Turneaure and
Russel, 1929) prominence is given to both the tests and according to the first
test 99-6 por cent of the total bacteria are to be retained by the sand filters.
Raju (l.c.) states that for European countries filtered waters should not contain
B. Ooli in 50 c.c. of water and that the total count per c.c. should not exceed
100.  B. Coli per cent positive in 1 c.c. (being less than 19,) is used as an index.
Sir A. C. Houston considered results with 100 c.c. of samples most satisfactory.
AP.H.A. standard (1933, p. 145) has recommended only B. Coli test. ‘ The
omission of plate counts from the standard is not to be construed, however,
as denying or minimising their importance in routine examination made in
connection with the control of purification processes.’

Considerable data have been collected during the past 25 years regarding
the bacterial efficiency of the Madras slow sand filters. The previous investiga-
tions have yielded considerable interesting information on which the present
paper has been partly based.

B. (i) The bacterial efficiency of a slow sand filter worked under ideal conditions
(G.0O. No. 1934, L. & M., 1st Sept., 1923).

(Bed I, one of the Madras Corporation Filters, was worked under ‘ideal’
conditions by the Government Water Filtration Committee.)

The Committee stated : ‘Before definitely condemning this method for the
Madras Water Supply it was considered advisable, therefore, to obtain one
of the filter beds for the purpose of testing its capacities under ideal conditions.
This bed (Bed No. I) was overhauled, disinfected, and relaid and has been
worked under the most carefully controlled conditions. The results obtained
are of the utmost importance. The bed commenced work on 14th January
1923 and ran with satisfactory results until 16th March 1923.°

The bacteriological results (p. 26, G.0. No. 1934, L. & M., 1st Sept., 1923)
of this experiment are summarised in the table below.

Bacteriological results of Filter Bed No. I run under ideally controlled conditions by the
Govt. Water Filtration Commitiee in 1923 (vide p. 26, G.0. No. 1934,
L. & M., 1st September, 1923).

. Descrip-
Period of N No. of [Average
run. tion of samples. [T.C.[c.c. —60 c.c.| 60 c.c.|20 c.c. |10 c.c. | 5 ec.c. 1
samples. .
14-1-23 Raw 18 1865 2 1 12 3
to water,
16-3-23 Bed 1. 18 987 11 2 2 2 1

9B
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From the above table the per cent reduction of total colonies count
per c.c. works to 47-99, and the ‘satisfactory’ results (460 c.c.) were shown in
61-1%, of the samples collected. The time that was taken to give the first
‘satisfactory’ effluent was 15 days (29-1-23).

In the next table the performance of the sand filter as worked ordinarily
during (1914-1923) is compared with that of Bed I run under ideally controlled
conditions.

Per cent reduction | Most ‘satisfactory’ | Least ‘satisfactory’

Period. of total colonies results results

count per e.c. (4 60 c.c.). (1 c.c.).
1917 to 1923 .. 69-7 19-6 9-3
14-1-23 to 16-3-23 .. 47-9 61-1 b5

The bacteriological results of Bed I have been considered ‘satisfactory’
when only 47-9%, of the total counts were removed and when 61-1%, of the
samples alone were ‘satisfactory’ according to the Committee’s standard. The
results do not at all approach those obtained by the European and American
slow sand filters. Elimination of the total bacteria to the extent of 99-99,
have been obtained in Europe and America. If this is the best that is possible
bacteriologically under ‘ideal’ conditions, slow sand filtration at Madras should
be considered a failure. More is to follow. In the words of the Committee
‘This experiment is of the utmost importance, for it proves that simple slow
sand filtration (from vertical inches per hour) with the Madras water cannot
be carried on without the formation of HyS no matter how carefully the process
of filtration is controlled. It is possible that the production of HgS can be
correlated with a definite range of temperature. This, however, is more of
scientific than of practical interest. The formation of this disagreeable gas is
sufficient to condemn the process of purification which is responsible for its
production. All the available evidence so far produced shows that slow sand
filtration by itself is not able to produce a potable water. Some other means
of purification must therefore be sought’ (p. 5, G.0. No. 1934, L. & M., dated
st Sept., 1923). Further comment would appear needless regarding the
bacterial efficiency of Madras sand filters.

(ii) Seasonal Variations in Bacteriological Results.

The Committee experimented with a small filter of 7,200 gallons daily
filtering capacity designed on the lines of the Madras filters but with the
following important differences. The depth of fine sand in this filter was
kept constant at 36" and the depth of water was also kept constant at 3 ft.

The bacteriological results of this filter for the different seasons for a
period of two years are shown in the table below.
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Per cent reduction of Total counts per c.c. (calculated from G.0. No. 1550 P.H., 2nd
August, 1928 ; Q.0. No. 709 P. H., 15th March, 1929 ; and G.O. No. 932 P.H.,
12th March, 1930).

Cold Weather. Hot Weather. S.W. Monsoon. N.E. Monsoon.

Year. Per Per Per

R.W.[SS.F. | cent | R.W. [S.S.F. | cent | RW. |[S.8.F. | cent | RW. |S.S.F.
raduct. reduct. reduct.
1927

(two months) .. . .. .. .. .. .. . .. 3,240 | 673
1928 2,253 327 85-5 | 2,888 521 81-9 | 2,461 629 74-4 | 3,925 748
1929 2,650 393 84-6 | 2,627 242 1+ 90-7 | 3,694 559 84-8 | 3,696 287

Average .. .. .. 85-0 .. .. 86-3 .. . 79-6

From the above table it will be seen that : (i) there is not much difference
in the per cent reduction of the total bacterial count from season to season, the
difference between the maximum and minimum being only about 5%,; (ii) the
maximum per cent reduction was in the hot weather (86:3%,) and the minimum
in the south-west monsoon period; (iii) the per cent reduction obtained in
this experimental filter is far greater than that obtained ordinarily in the
Madras filters ; (iv) these results do not approach the European and American
standard of efficiency even under the best conditions on an experimental scale.
Raju (l.c.) found from his study of the slow sand filters in the Hooghly-
Chinsurah Water Works that dry weather samples (September to April) reached
a much higher degree of purity (829%,) than those examined in monsoon months
(June, July and August). (The division of weather condition in Bengal
appears to be different from those adopted by the All-India Meteorological
Department.)

C. Special Investigations.
(a) Experiments on artificial filming by alum.

One of the troubles with slow sand filters in the tropics ig that when the
water is comparatively clear as a result of long storage or only contains colloidal
organic matter in fine suspension it takes a long time to form a filter skin and
the filters settle down to long runs without the filter head increasing to more
than 2” or 3”. In such cases the sand filters give poor bacteriological results
probably due to organic matter in solution or in colloidal form penetrating
into the lower layers of the filter. Buswell (1928) has stated that ‘where
this type of filter is still in use alum is now generally employed instead of
depending on the naturally formed film. In the case of the Madras slow sand
filters, one of the Govt. Committees {1917) stated that the poor bacteriological
results were probably due to the inefficient formation of the filtering skin
on the surface of sand ; and this was made apparent by the filter head remaining
constant at 2* or 3” for months. So to quicken the formation of the slimy
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layer, alum was added to the raw water. Water was let in and alum solution
added before starting the filter. Alum was added at the commencement and
some more alum after 7 or 10 days only where necessary ; that is to say, a second
treatment was resorted to only when the formation of the skin was not
sufficiently aided by the first treatment.

Filter Beds 1, 4, 6 and 9 were treated in the manner described above
and the results of the bacteriological examination and other connected data
are given in the table below.

Raw water. Filter?d water., La,ctose Average
ermenters in. total count
. No. of| No. of | Bed - per c.c. on
Period of runs. runs. | samples. No. | L.F. | T.C. —60[ 60 | 20 | 10 5 1 r;l;t:-:e;t
m L per 37 C. after
5¢c.c.| c.c 48 hrs.
22-7-24 to
2.11-24 .. 4 25 X .. .. A B 8110 71 .. 480
31-7-24 to
2-11.24 .. 4 8 I .. .. .. 1 2 1 44 .. 480
8.7-24 to
22.7.24 .. 1 6 v 3 31 .. 698
25.7-24 to
7-11.24 .. 3 25 VI .. .. .. 1 2 9113 .. 518
Average .. .. .. .. 73% 9L o] ] 544

The following conclusions are arrived at from the above table :—

1. That only 2 out of 64 samples, i.e. 3-19%, of the samples alone can be
classed as ‘satisfactory’ according to the standard for B. Coli adopted by the
Govt. Water Filtration Committee.

2. The Filter was able to effect a reduction of 45-19, only in the test for
total colonies count.

Table showing the treatment given to beds on artificial filming slow sand filters.

Started on Stopped on lf;]lggroittg(,? ::t?ed Treatment given to the bed.

8.7-24 .. 22-7-24 Bed No. 4 1”7 sand 200 1bs. alum.

9 days
25.7-24 .. 31-8-24 Bed No. 6 Completely overhauled and 200
34 days 1bs. of alum used.

5.9-24 .. 11-10-24 29 ,, 1”7 sand, and. 150 lbs. alum.

16-10-24 .. 17-11-24 16 ,, 1” sand and 186 lbs. alum.

22-7-24 . 13-8-24 Bed No. 9 1 sand dug to about 9” depth

20 days and. used 200 Ibs. alum.

17-8-24 .. 5-9-24 15 ,, 1” sand dug to 6” depth and put
in 1”7 washed sand and used
200 lbs. alum.

10-9-24 .. 6-10-24 22 ,, Removed 1”7 sand and replaced
1” washed sand and used 2
cwt. of alum.

11-10-24 . 1-11-24 17 ., Removed 1” and put in 1”7 washed
sand-—no alum.
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The performance of the sand filters by this process cannot therefore be
considered as efficient.

C (b). Experiments using chlorinated raw water for the sand filters.

Major Morrison (G.0. No. 546 M., 1920) had stated that chlorination at
Red Hills would offer a definite solution for the Madras problem. This was
tried in 1926-27 at Red Hills and later at Kilpauk itself at a point where the
chlorinated raw water would take about ten minutes to reach the filters. Even
after the application of chlorinated raw water the sand filters gave poor
bacteriological results, and a special investigation was made in 1929 to elucidate
the probable causes for the poor results (Ganapati, 1929).

D. Discussion of Results.
(i) Reasons for the poor Bacteriological results in the Madras slow sand filters.

(1) A constant level of water over sand is not maintained but the level
is varied from day to day, as there appears to be some engineering difficulties
in the way of maintaining a constant level.

(2) Thickness of sand.— The original depth of sand must be sufficient to
form an effective filter and besides to allow of several scrapings without the
renewal of the sand. Inasmuch as the bacterial efficiency depends in part
on the action which takes place in the body of the filter and not exclusively
at the surface, an increase in depth within certain limits will tend to increase
the efficiency of the filter. The effect of deep beds is similar to that of fine
sand in steadying the action of a filter, and it has been clearly shown by the
Lawrence Experiments that the operation of beds 4 to § ft. thick is not so
much affected as that of beds 1 to 2 ft. thick by such disturbance as variations
in rate, scraping of beds, etc., although the results with perfectly uniform
conditions are not materially different. The effect of depth is also very much
important in causing a more uniform action over the entire bed of a freshly
cleaned filter by minimising the effect of frictional resistence in the underdrains.’
(Turneaure and Russel, I.c.)

For the foregoing reasons the minimum thickness should be about 2 ft.
and the maximum 3 to 4 ft. But the depth of sand in individual Corporation
beds varied from 9" to 24" which might have accounted partly for the poor
bacteriological results though the uniformity coefficient of sand was between
2 and 2-5 and effective size was between 0-2 to 0-4 mm.

(3) The water used to feed a bed about to start was of poor quality being
derived from the indifferent mixture of filtrates. Further, it is well known that
in many cases there is a considerable decrease in the bacterial efficiency of a
filter for some time after scraping and refilling with sand and it is the usual
practice to waste the effluent for a day or two or the filtration is begun very
slowly. The filters are started in practice with this initial disadvantage. The
filtrate during the first foew days was always bacteriologically much poorer
in quality than the filtrates obtained afterwards. Madeloy (1918) found that
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efficient filtration did not start for about 16 days in the case of both covered
and uncovered filters and that the total counts of bacteria and the numbers
of lactose fermenters were both greater in the filtered water than in the
unfiltered.

(4) To secure efficient and reliable results a filter must be operated with
gradual increase in rate. Violent changes in rate cause ruptures in the filtering
skin. A considerable depth of sand serves to steady the action. But at
Madras a bed was brought up to its maximum rate of filtration which was
variable from 4" to 8” vertical per hour sometimes even within 24 hours. So
the beds did not get a chance to form an efficient film before their efluents were
drawn into the main.

The Madras plant designed to operate at a slow rate of 4” vertical per
hour was in practice converted into a semi-slow sand plant due to inadequacy
of sufficient filter beds, or rather a plant with no fixed rate of filtration, resulting
in an unsatisfactory filtrate for the town supply. So much for the practice
which obtained at Kilpauk Water Works.

The experimental filter, however, showed that slow-sand filters should
give better results if the practice was more in accordance with the theory of
slow sand filtration. This will be true with the qualification and it is a very
important qualification that if HeS did not result in the actual process of slow
sand filtration due to sulphate reduction by bacteria under anaerobic condi-
tions. But the sand filters almost always creates optimum conditions for
sulphate reduction. The bacterial efficiency of slow sand filters is granted and
fully borne in mind when it is stated in these and other pages that slow sand
filtration is unsuited for the tropics. A solution is sought in the direction of
rapid sand filters which do not afford anaerobic conditions. Whether this ideal
condition will be achieved with the help of mechanical filters (rapid filters)
or by a modification of the plant at Kilpauk I prefer to leave open here.

Algal Growth in Sand Filters.

(i1) Algae in the Sand Filters.

The surface of sand can be compared to a lake or reservoir bottom where
dead algae settle and decompose. So when raw water containing plenty of
algal cells are filtered through sand filters, the algae are retained mostly on the
surface of the sand and this constitutes the ‘vital layer’. According to Kemma
(Whipple et al, 1927) the organisms are found in three conditions: (i) forming
the vital layer or schlammdecke, (ii) attached to the walls of the sand filters,
and (iii) floating free in water. Organisms in the three states have been
examined from time to time and the important ones in each state are given
below:

Organisms in the vital layer are —
1. Oscillatoria limnetica.
2. ' 8p.
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Navicula sp.
Gnat worms.

3. Peridimium Marchicum.

4. Oocystis spp.

5. Aphanocapsca elachista var. nov.
6. Microcystis scripta.

7. » robusta.

8.

9.

Attached to the sides are —
1. Scytonema sp.
2. Tolypothriz sp.
3. Oscillatoria sp.
4. Gnat worms.

Free floating organisms: vide pages 244-246.

(iii) Vital Layer or Schmutzdecke.

That the chief agent in effective filtration is the vital layer formed at the
surface of a slow sand filter is the view held by the German School (Turneaure
and Russel, l.c.). The vital layer is composed of an upper ‘gelatinous semi-
colloidal partially organised layer strengthened by a net work of algae’ and a
lower ‘stratum of decomposing organic matter underlying sand’. It is in
this lower portion that saprophytic organisms ‘split up the complex albuminoid
ammonia into their simpler substances’ and lower down nitrifying bacteria
are found which thrive upon the ammonia, nitrites, etc., supplied from above.
For the oxidation of the above substances, the nitrifying bacteria are supplied
with oxygen by photo-synthetic activity of chlorophyll bearing organisms
which have collected on the surface of the sand layer. The vital layer as a
whole effects ‘not only a removal of organisms by adherence to the film but
also a decrease in the nitrogenous organic content as measured by albuminoid
ammonia and nearly corresponding increase in the nitrate’ (Turneaure and
Russel, l.c.). According to some people the efficiency of filtration is at least
partly due to the activity of nitrifying organisms establishing themselves on
the surface of sand (Raju, 1924-25).

But the American school (Turneaure and Russel, l.c.) does not attach the
same importance to the formation of the upper portion of the vital layer.
Americans have noticed in their experiments that in a brief time an organic
slimy deposit in the sand is formed by bacterial growth and that this deposit
adds to the efficiency of the filters even with raw water of low turbidity. This
deposit is not quite the ‘skin’ spoken of previously but its action is very much
gimilar. At Bedford non-submerged percolating filters are in use. This slimy
deposit is formed in those filters and the efficiency of the filter is considered to
be largely due to it. The non-submerged percolating filters experimented
with by the Water Filtration Committee, Madras (1928, 1929, 1930, and 1931)
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have also given good results and it would appear that the slimy deposit
serves very much the same purpose that the vital layer serves in the case of
submerged slow sand filters.

Let us congider the case at Madras. Madeley (1918) has described this in
detail. ‘ The filtering layer consists of two distinet portions which play a
definite role in effecting purification. The top portion is the sedimentary skin
forming on the surface of the sand, which corresponds to the upper portion
of the vital layer described above and consists of suspended matter both organic
and inorganic. The thickness and colour of the ‘sedimentary skin’ depends
upon the amount of suspended matter present in the water. During the hot
weather and the south-west monsoon periods, it forms a felt-like skin which
on drying curls up into sheets of considerable tenacity roughly hexagonal in
shape and about three sq.ft. in area. During the cold weather period it forms
a well-defined skin, not so thick or tenacious as the last-mentioned which, on
drying, curls up in sheets of about ¢ square foot in area. It possesses some
tenacity and is distinctly separate from the sand. Immediately after heavy
rainfall, .e., in the north-east monsoon period when the water contains com-
paratively little organic matter, the sedimentary skin is thin, and drying
separates into quite small patches which are not readily detached from the
surface sand.’

There appears to be normally no further growth of algae in the sedimentary
gkin due to the fact that the sun’s rays do not seem to penetrate through 3}
to 4 ft. depth of water. This is confirmed by the fact that the depth of visibility
using Secchi’s disc does not exceed 100 cms. or 31 feet in raw water.

(iv) Gelatinous Layer.

The lower layer below the sedimentary skin is the gelatinous layer which
corresponds to the bottom layer described above wherein ‘peptonisation and
hydrolysis of the albuminoids take place by means of the organisms growing
and retained in the filtering skin’. This gelatinous layer in the Madras sand
filters is well marked for a depth of 1-5 inches below the surface of the sand
and sometimes can be seen by the eye to extend to a depth of 9 inches or so.
The sand grains in this layer are surrounded by a jelly-like substance which
gives the sand a certain tenacity so that it can be kneaded with the fingers as
if it were mixed with clay.

It has been found in actual practice that on removal of the dense sedi-
mentary skin, the filter continued to work for a considerable period. This
removal of sedimentary skin has been repeated with advantage several times
before removing and washing the gelatinous layer, whenever filters were not
sufficient to cope with the city’s requirement. The absence of a sedimentary
skin contributed perhaps very largely to the deterioration in the bacterial
efficiency. Usually 1-2 inches of this sand layer was removed every time for
washing and cleaning.
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(v) Black Sand Lagyer.

A black layer about which no mention has been made so far in any
literature on sand filters was always found to commence just below the two
layers described above and to extend from two inches to the entire depth of
the fine sand layer. The longer the life of the filter the greater was the depth
of this black layer.

This black sand has been examined by Dr. Simonson (vide p. 60, Report
of the Committee appointed in G.0. No. 1576 M., 15th September, 1917)
who found that ‘(i) Nitrogen is absent from all the specimens Kjeldahl deter-
mination; (ii) the black specimens contain a relatively considerable quantity
of sulphide; (iii) there is only the merest trace of sulphate present in the sand
from the centre of the beds and no sulphide; and (iv) the black specimens
contain sulphate especially after exposure to sunlight and air’. Further,
that ‘From these experiments it would appear that lack of aeration is the
cause of black colour and it (black colour) would disappear if there were no
dead ends’. Iron sulphide according to him ‘may be due to the following
geries of changes:—sulphur (from albumen)—iron sulphide—iron sulphate
(due to air oxidation) and this passes away dissolved in the water’.

Dey and myself (1934) have given a different explanation for the occurrence
of the black sand layer based on a detailed study of the conditions. It is
reproduced below. ‘The depth of fine sand in the Madras sand filters varies
from 9 to 24 inches. About 0-5%, of iron is present in the sand. When a
slow sand filter goes out of action it is found that: (1) the entire sand from
the coarse sand layer, and gradually extending upwards till the filtering skin
or ‘schlammdecke’ is reached, is black (due to FeS), depends upon the life of a
sand filter—the longer the life the greater the formation of black sand; (2) the
top portion of fine sand (about 6”) contains more iron (0-609,) after each run
of a sand filter, although washed sand is used every time that a filter is started;
(3) sand, after turning black due to FeS in a filter bed, contains more sulphur
than the sand which was not used in a sand filber. Therefore it appears from
(2) and (3) that sand as it is used in the filters gathers to itself more and more
of iron and sulphur and the process of such accretion is easily explained.’

Table showing the results of analysis of different specimens of sand.

Description of sand. Fe, 0y CaO MgO 50,

1. Fresh unused river sand 0-49 0-026 0-035
2, Used but washed sand from Bed

No. I .. 0-48 0-024 0-036 0-010
3. Top portion (6”) of sand from Bed

No. I after a run .. 0-57 0-020 0-032 0-014
4. Bottom portion of black sand from

Bed No. I 0-46 0-028 0-035 0-020
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‘The lake soil being laterite, and hence rich in iron, the latter usually in
the form of brownish ferric hydroxide, is slowly deposited on the top 6" of the
fine sand layer, especially during the summer months.’

‘The HsS produced by sulphate reduction is fixed chiefly as the sulphides
of calcium, magnesium and iron in sand. The black iron sulphide when
exposed to the sun for purposes of cleaning is converted, at least, practically,
into sulphate (Van Hise). There is a tendency for the iron content in sand to
go on increaging. There is no reason to suppose, making an allowance for the
passage of soluble iron compound, that at any time is the iron content likely
to decrease. The water, besides carrying iron, contains soluble sulphates and
negligible sulphur bearing proteins. The sulphates are reduced by the action
of sulphate-reducing bacteria for which the presence of organic matter is also
necessary. The sulphate of iron yields FeS, which yields up its S content in
the form of H,8, that either escapes or again acts on the fresh supply of iron
in the water to form black iron sulphide. How exactly this reduction of
sulphates to sulphides takes place has been explained already under chemical
conditions’ (pp. 252-263).

In this connection a brief review of the results obtained by Ellis (1925)
in his investigation into the cause of the blackening of the sand in parts of the
Clyde Estuary will be extremely interesting. He first examined bacterio-
logically whether the blackness was due to any sewage pollution. He found
(i) no B. Coli communis in almost all the samples he examined while he
found the total number of bacteria to range from 10,000 to 3,000,000 per gram
of sand. ‘The large number obtained for the total count indicated an enormous
amount, relatively, of organic matter large enough to be able to support a
very large number of organisms which are absolutely dependent upon organic
matter for their sustenance. And yet the organic matter harboured no
representative of B. Coli, a fact which indicates clearly that sewage pollution
wag not the cause of the presence of this organic matter.’

‘What is of much greater interest to us in this study is (ii) that the black
colour disappeared on free exposure to the air, and this fact precluded, of
course, an organic origin to the black material.’

(iii) A chemical analysis showed that the black sand consisted of 0-36
to 0-539, of total iron and of 1-2 to 3-0%, of organic matter, and to be ferrous
sulphide. (iv) He found that the predominating bacteria in the black sand
was one bacillus, of 1u in thickness and of a varjable length but averaging
four to six times the thickness. By making cultures of the organism on agar
slopes, suspending a strip of filter paper, dipped in lead acetate over the surface
of the culture, it was easy to demonstrate the fact that sulphuretted hydrogen
was evolved from the cultures whilst the individuals were in process of growth
and multiplication. * (v) From a study of the geological character of the
drainage area he found that it consisted almost entirely of basaltic lavas
rich in iron (10 to 15%); and therefore it was not surprising that there should
be & fair quantity of iron in the composition of the sands on the shores of the
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Clyde. (vi) From a knowledge of the physiology of iron bacteria he concludes
that under certain circumstances, in certain waters iron is found in solution
combined with some organic radicle. ‘Further, the iron bacteria thrive best
in nature, in water which has passed over boggy country or open moorlands.
This water picks up in solution organic matter that is liberated as a result of
the decomposition of plants. The decomposition of ferric hydroxide on the
membranes of the iron bacteria shows that such water may also contain iron
in solution.” From these facts he concludes that ‘ferrous sulphide is the
compound responsible for the colouring of the sand’. He explains: ‘We know
from our researches on the iron bacteria that water containing this kind of
organic matter is capable of taking up iron in solution. It is probable, there-
fore, that much of the iron is carried away in solution, in combination with
organic matter. Then, when the water with the iron in solution laps the
shores of the Clyde, the organic matter is taken out of it by the activity of the
bacteria, and the iron combines with the hydrogen sulphide liberated by
the same organisms. When iron combined with organic matter is under other
circumstances metabolically treated by the iron bacteria, the iron is separated
from the organic matter, but as there is no reducing agent present like
hydrogen sulphide the iron instead is oxidised to ferric hydroxide’.

Points raised by Simonson and Ellis examined with reference to the formation
of Fe8 in the Madras Slow Sand Filters.

A different explanation is given for the formation of FeS at Madras by the
author :

(¢) The blackening of sand is due to FeS; (b) there is no sewage con-
tamination; for B. Coli has been found to be in 460 c.c. in the
majority of samples and also because the total colonies count
does not exceed 500 per c.c. on nutrient agar at 37°C. after 48
hours; (¢) the oxidation of ferrous sulphide into sulphate takes
place on exposure to air; and (d) that iron bacteria play an
important role in its formation.

The author does not agree with Simonson when he says that S for FeS
is derived chiefly from albuminous substances deposited on the surface of the
sand filter. The proportion of organic sulphur to inorganic sulphur in one
litre of Red Hills Lake water has been estimated and it has been stated that -
organic sulphur is practically negligible while inorganic S calculated as SOg
varied from 20-3 to 24-0 mg. per litre (Dey and Ganapati, l.c.). In support
of this view, I have also cited Peterson, Fred and Domogalla (1925) who found
that cystine, the sulphur containing amino-acid, varied from 1-5 to 7-5 mg.
per cubic meter in the different lakes studied by them. So it follows that
practically the only source of sulphur for Fe§ is the inorganic sulphate of raw
water.
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Then, the presence of the sulphate reducing organism Beijerinck’s Spirillum
desulphuricans in the lake water and in the sand filters has also been shown
by me (Dey and Ganapati, loc. ¢it.). Bunker (1936) has also stated that in
nature and industry these sulphate reducing bacteria are shown to be responsible
for blackening of mud, and for the deposition of metallic sulphides. In the
case of the Clyde Estuary it is quite probable that the salt water Spirilium,
Microspira aesturii of Van Delden (lLe¢.), is the more important organism
responsible for the formation of FeS than the bacillus isolated by Ellis, who had
probably not thought of sulphate reduction as a possible way for the formation
of FeS.

(vi) Nitrification in the Slow Sand Filters.

Nitrifying bacteria have been reported to flourish on the ammonia, nitrites
and soluble organic products (Rideal and Rideal, l.c.; Raju, l.c.) emanating
from the filtering skin in all sand filters of Europe. The experience at Madras
is quite the reverse. Though ammonia, in fairly large amounts, has been found
to be present in the effluents from the Madras slow sand filters, nitrites or
nitrates have not been detected at any time. This shows that either nitrifying
bacteria are absent or if they are present conditions are inimical.

Fowler (1935) considers that certain conditions are necessary for
nitrification. They are not found in the Madras slow sand filters. For nitrifica-
tion the favourable conditions are: Presence of oxygen and of a base and
some phosphates are essential. The presence of excessive amounts of ammonia
or of organic matter are prejudicial (Winograsky). Conditions unfavourable
in every way have been found in the Madras slow sand filters (vide Chemical
Conditions). So nitrification does not take place in them.

(vil) Microflora in the Filtrate of Madras Slow Sand Filters.

(a) Diatoms and Iron bacteria.—When a slow sand filter is started for the
first time its run can be divided into two periods: (a) the period during which
H,S is absent, and (b) the rest of the run when H,S is present. The micro-
flora is entirely different in each period. In the first period when the production
of sulphuretted hydrogen does not take place for a week or two, the filtered
water chambers and weirs are coated with a yellowish brown growth which
gradually turns dark brown. This consists of several species of diatoms:
Synedra ulna, Synedra ulna var. impressa, Cymbella affinis and Nairculla sp.
and an iron bacterium Leptothizx ochraceae. The brown colour is due to hydrated
ferric hydroxide present in its sheath.

(b) Sulphur bacteria.—Later, when H,S begins to appear, the brown
growth is interspersed with colourless gelatinous growths, on the weirs and
walls of the filtered water chamber; and about a week later still, when the
gas is present in appreciable quantities, the walls of the chamber are covered
to a depth of about one foot from the surface in the Corporation filters, while
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in the case of the small Govt. experimental filter the entire regulating outlet
was filled with the colourless growth in long trailing filaments. This is
identified to be a mixture of Beggiatoa minima, Sphaerotilus natans, Thirothrix
nivea and a new sulphur bacterium (?). The colourless growth is seen in some
cases in the form of petals arranged one above the other as in the case of a
lity flower. When the gas production is at its maximumn, ¢.e., towards the end
of a run during March to September, globular, colourless gelatinous growths
are seen floating in the filtered water chamber and often sticking to the sides.
Jackson (1901-1902) has stated that towards the end of the 19th century
iron bacteria in water supplies had caused serious trouble in numerous cities
in both America and Europe.

Reference to literature regarding the presence of Leptothriz in nature
goes to show that it is generally present in the iron-bearing surface waters
of bogs, streams and springs. Harder (1819) has found it in mine waters in
the iron range of central Minnesota, in the lead and zinc regions of South
Western Wisconsin and in chalybeate springs on a small creek west of Lake
Kegona ; Molish (1926) has seen it in the rice fields of Japan; Ellis (1925) in
several parts of England; Choloday (1926) in Russia; Hirst (1920) in Colombo
Water Works. Biswas (1930) reports ite presence in the filtered water of the
Calcutta Water Works.

Harder (l.c.) has stated the conditions necessary for the growth of
Leptothriz ochracea. They live on the surface of underground waters; the
temperature within moderate limits has no effect on them. The quantity of
iron required is small and it is found in water with 5-2 p.p.m. of FegOg. The
amount of organic matter in solution is a limiting factor to a certain extent.

All the varieties of bacteria isolated in the case of Red Hills Lake water
(vide Chapter I) have been isolated from the filtrates from the Madras slow
sand filters. So, the presence of iron bacteria in the filtrates from slow sand
filters would show that these bacteria are active inside the filtering media and
that they precipitate iron hydroxide in the early stages which are turned into
goluble ferrous carbonate by carbonic acid (Waksmann, 1936). Thus the
presence of more iron in the filtered water than in R.W. is easily explained
(vide Chemical Conditions). This is confirmed by another observation also.
Sulphur bacteria towards the end of the run turn black, and the black
colour is discharged by the addition of dilute HCl. Iron in the filtrate in the
form of ferrous carbonate reacts with HyS forming black iron sulphide, and the
black colour is discharged by the addition of dilute HCL. The sulphur bacteria
which was originally colourless and later acquired a black colour again becomes
colourless.

Colourless Sulphur bacteria.—The second stage in the microbiology of the
Madras slow sand filters is the formation of the colourless sulphur bacteria.
Their appearance synchronises with the -production of HgS in the effluents.
But they are not responsible for the formation of hydrogen sulphide (Lafar,
l.c.).
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The standard conditions under which the colourless sulphur bacteria
appear in nature are given in Bavendamm’s monograph (l.c.) on ‘Colourless
and Red sulphur bacteria’. Their appearance is dependent upon five condi-
tions, which are satisfied in the Madras slow sand filters also. (i) Hydrogen
sulphide helps the growth of sulphur bacteria, for without it there is no life
and motion for them. In the Madras filters the gas is produced in appreciable
quantities so that the growth of the bacteria is encouraged in the filtered
water chambers and other places in the Water Works system. (ii) The move-
ment of the water in which they occur exerts some influence, for they are not
to be found in quickly moving waters. Madras filters working at four or six
inches vertical per hour offer suitable conditions for their growth. (iii) The
influence of oxygen is also noticeable inasmuch as the organisms cannot live
without it. They are therefore seen growing in long trailing filaments on the
walls of the filtered water chamber near the surface, on filter weirs and under-
ground reservoirs (provided with ventilators) where they get oxygen from
the air and the sulphuretted hydrogen from the filtrates. They are not
found in the central collecting drains of filters, where oxygen it practically
absent. (iv) Warmth favours sulphate reduction and the development of
saprophytic bacteria so that in summer the output of sulphuretted hydrogen
is very large and consequently this season is best suited for the growth of
the organisms under discussion. In Madras they have been found growing
in abundance in the hot weather and south-west monsoon periods. (v) The
water must be alkaline to neutralise the sulphuric acid formed as a result of
oxidation of hydrogen sulphide by these organisms. The pH of raw water is
8-5 and of filtered water about 7-2 showing that the filtered water is evidently
favourable for their growth.

Slime formation by sulphur bacteria.

Ellis (1932) has stated that slime formation is an important characteristic
of the sulphur bacteria and that Beggiatoa alba forms a considerable amount of
slime under certain unfavourable conditions and that in the case of Thiothriz
the slime formation is normal. The formation of globular colourless gelatinous
growths towards the end of a filter run is probably an instance of slime formation
by the sulphur bacteria present in the filtered water chambers. The findings
of Ellis and others are confirmed as regards the slime forming tendency of
colourless sulphur bacteria—RBeggiatoa and Thiothriz—found in the Madras
sand filters.

Attempts were made as early as 1915 to get rid of the sulphur bacteria,
which was then described as ‘whitish gelatinous stuff’ by chemical treatment.
One such attempt was made by Madeley (1918) by ‘emptying the filters and
passing permanganate solution up the outlet drain and into the underground
drainage system. This treatment was continued whenever a filter was out of
use for cleaning. This was discontinued after 1915 as the cost of permanganate
rose considerably’. It was claimed that this measure brought the growth



278 8. V. GANAPATI: CHEMISTRY AND BIOLOGY OF THE

within manageable proportions, but it still appeared in some filter outlets
than in others.

The object of applying permanganate solution into the underground
drainage system was probably to kill the white growth which the authorities
of the day then thought was growing in abundance there. Later investiga-
tions by the author showed that the ‘white growth’ was never seen inside
the underground drainage system of a slow sand filter, and this observation
is in accordance with the physiology of colourless sulphur bacteria.

Stgnificance of sulphur granules seen outside the cells of colourless sulphur bacteria.

It has been shown while discussing the physiology of the colourless sulphur
bacteria that HyS is oxidised by them into water and sulphur according to
the equation

Hy8+0 — H;048
and that the sulphur thus liberated is stored inside the cells of these bacteria.
Also it has been stated that in the absence of HyS the sulphur stored inside
their cells is used up for its metabolic processes. It is also known that in the
slow sand filters HyS is always present. If such be the case, how are we to
account for the formation of sulphur granules seen outside the cells of the
sulphur bacteria gathered from the Madras slow sand filters.

This can be accounted for in two ways. Either a chemical or a biological
or both processes must be taking place. It is quite likely that the amount of
HsS not used by the sulphur bacteria are oxidised in the presence of oxygen
into water and sulphur, thus resulting in the formation of sulphur granules
outside the cells of these bacteria.

It is known also that the group of bacteria known as the thionic acid bacteria
(Ellis, 1932; Waksmann, 1931) are able to oxidise sulphur compounds like the
sulphur bacteria but the former differ from the latter in that they do not store
sulphur in their cells. It is quite probable that one of this group identified by
Nathanson (cited by Ellis, 1932) and later isolated by Beijerinck (cited by
Ellis, l.c.) is responsible for the occurrence of sulphur outside the cells of the
sulphur bacteria. Sterilised Beijerinck’s medium (vide Elis, 1932, p. 221)
when inoculated with a small quantity of the colourless sulphur bacteria was
covered with a film of sulphur in which were numerous bacteria consisting of
small thin rods, very motile and non-sporing. The control flask showed no
change. Further tests are being made to confirm this. Or it may be a case
similar to what has been noticed by Van Niel (l.c.) during the study of the
flora occurring in and around the hot springs of Yellow-Stone National Park
where ‘white flocks were frequently observed which macroscopically showed the
greatest possible resemblance to Thiothriz. Microscopical observations
showed, however, that although the flocks contained large amounts of sulphur,
this was not present in the cells, but was partly attached to the outside and
partly loose. The- organism consisted of colourless filamients which could
very well have been Thiothriz filaments but for the much smaller width of the
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cells (below 1p). These examples tend to show, therefore, that there exists a
number of organisms which are quite closely related to the typical, sulphur
gtoring bacteria but differ from these by the fact that the sulphur is not stored
inside the cells. The resemblance to the ‘sulphur bacteria’ concerns the
shape of the cells only. The size is always smaller, however. So, a further
detailed study alone can show which of these agencies are responsible for the
presence of sulphur granules seen outside the cells and lying loose in the filtered
water chambers of the Madras sand filters. Which of these processes are
taking place is being worked out and will soon be published as a separate
communication. The results obtained so far go to show the existence of one
of the thionic acid bacteria (Beijerinck, l.c.), but since the organism has not
been correctly identified its physiology and morphology is not atterapted
here just now.

Purple coloured sulphur bacteria.

Purple coloured sulphur bacteria have been cultured from the black
bottom mud of Red Hills Lake (Chapter IT) following the method of Van Niel.
But it was not found in the filtered water chambers of the Madras slow sand
filters at any time during the past 25 years. It was thought likely that it
might be present if cultivated under suitable conditions. The medium of
Van Niel was therefore used. It was sterilised according to the directions
given by him and a small quantity of the colourless sulphur bacteria was
added to one of the bottles and was exposed to electric light in a dark room.
Within a week the bottle was coloured rose red, and later brick red. On
examination the red coloured organisms consisted of circular balls, in singles,
pairs or in groups of 3 or 4, each colony containing only one or two sulphur
granules.

The organisms resembled those of the thiocystis type shown by Van Niel
on p. 64 of his paper. Further experiments are in progress in the laboratory
of the author for studying purple-coloured sulphur bacteria from the Red Hills
Lake water.

Physiological groups of Bacteria found in the filtrates from Slow Sand Filters.

(1) Colourless, thread forming sulphur bacteria accumulating S within their
cells,

(2) The colourless organisms not forming threads and containing 8 within
their cells, also acting on H,S.

(3) Colourless bacteria that do not accumulate sulphur within their
cells but produce sulphur abundantly from thiosulphate, HS, etc., outside
their cells.

{(4) Purple coloured S bacteria.

{6) Purple coloured sulphurless bacteria.

(6) Ammonifying bacteria.

10
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(7) HjS producers from all sulphur compounds excepting sulphates.
(8) H,S producers from sulphates.
(9) Iron bacteria—Leptothriz ochracea.

General Summary.

1. Slow sand filters have always been considered to be most satisfactory
for treating a water of low turbidity and colour. One would have expected
the same results from slow sand filters when they are applied to impounded
surface waters in the tropics. Besides, they should be more popular here in
view of the fact that the cost of land in India is cheap, labour is cheap and
s0 a city can afford to have a number of them.

2. But wherever they are in use (Salem, Adoni, Madras and Baroda)
for purifying impounded surface waters they have not proved successful.
The trouble is (i) the production of sulphuretted hydrogen in the effluent
and (ii) the poor bacteriological quality of the filirates.

3. So far, no one has attempted to make a bio-chemical study of this
method (slow sand filtration) excepting the Government Committees who have
made a series of small scale experiments with the Red Hills Lake water employ-
ing various methods of purification.

4. A thorough study of the various bio-chemical changes taking place
in the Madras slow sand filters (gathered during the past 25 years) is given
here in the form of a monograph.

5. The changes taking place inside the Madras slow sand filters can be
compared to the bottom of tropical lakes where organic and inorganic sedi-
ments accumulate. Ruttner (1931) has shown that in the bottomr of deep
tropical lakes decomposition of organic matter takes place at a much greater
speed at a temperature of about 25-30°C. according to Vant Hoff’s R.G.T.
rule. So there is the formation of large amounts of free COp, free ammonia,
sulphuretted hydrogen, and also consumption of dissolved oxygen, etc., takes
place. In the same way in the case of a Madras slow sand filter, the prevailing
temperature of about 30° appears to be responsible for all the ills found in
them. At that temperature there is an increase of free ammonia, carbonic
acid, sulphuretted hydrogen, etc., and disappearance of dissolved oxygen due
to increased bacterial activity inside the filters. Sulphuretted hydrogen is
due to reduction of sulphates at the optimum temperature of about 30°C.
by the strictly anaerobic Spirillum desulfuricans. Sulphur bacteria (colourless)
have been seen in the filtrates during the period of HgS production. Before
the production of H,S iron bacteria are seen.

6. All the attendant biological phenomena noticed in the slow sand
filters have been traced at the lake, the source of the city’s water supply.

7. Tt is therefore concluded that the method of slow sand filtration is
not suitable to purify impounded surface waters of the type of Red Hills Lake.
Rapid filtration appears to be the most suitable method of purification for

tropical impounded surface waters.
10B
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TasLE XV,
Showing the amount of Inorganic and Organic Sulphur in Raw Water.
(Caleulated as SOs.)

80, in Mg. per litre.
Date of Estimation. i REMAREKS.
ave of Hshimation Sulphur Inorganic Organic

(total) sulphur sulphur by

. phur. difference.
7th June, 1929 .. 20-9 20-8 0-1
28th |, - .. 21-9 21-8 0-1
14th July, 1929 . 22-3 22-2 01
14th August, 1929 . 22-4 22-4 nil
7th September, 1929 .. 24-0 23-9 0-1

TasLE XVI.

Showing the amount of Sulphate and Iron in different specimens of Sand.
(Averages of three analyses.)

Per cent.
Description of Sand. Sulphate Tron REMARKS.
calculated | calculated :
as 50;. as Fep0,.

1. Fresh unused river sand .. 0-047
2. Used but washed sand from

Bed No. I 0-018 0-48
3. Top portion (37) of sa.nd taken

immediately after stopping the

Filter No. 1 0-018 0-57 This sand was not
4. Bottom portion of black sand black.

taken immediately after stop-

ping the Filter No. I and air

dried 0-039 0-46




