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INTRODUCTION 

The disinfection of small water supplies of the farm, 

rural schools, and small communities presents a problem 

that has not been completely solved by chemical treatments. 

Chlorinating devices which adequately treat small water 

supplies require frequent attention. Automatic chlorinators 

are not economically feasible for these small water 

supplies. The recent development of low temperature 

ultraviolet light tubes which have a high output of 

germicidal energy has renewed interest in the utilization 

of this method of sterilizi ng water supplies on which 

chemical treatment is not economically feasible or is other­

wise undesirable (Gilcreas and De Lalla, 1953). Several 

companies are at present producing ultraviolet light 

sterilizers which are advertised as effectively treating 

water supplies varying in capacity from a few quarts per 

minute to hundreds of gallons per hour. 

The effective application of ultraviolet light to the 

sterilization of water is dependent upon several physical 

and biological factors. Among these are the wavelength of 

the light~ intensity of the germicidal energy, exposure time, 

and the resistance of the microorganisms. The intensity 

of the germicidal energy varies wi th the age of the 

ultraviolet light emitting tube, and the specific 

absorption of the water. The output of an ultraviolet lamp 

drops to approximately 90 per cent of the original after 
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100 hours operationo The intensity decreases more 

gradually to approximately 50 per cent at ~he end of 5000 

hours operation time (Cortelyou,et alo, 1954a)o _ The 

specifi.c absorption of germicidal energy by natural _wat_ers 

has been shown to vary over a wide rangeo Certain waters 

absorb 90 per cent of incident germicidal energy in 

approximately 35 inches of water, while others absorb the 

same amount in approximately 5 inches (Luckiesh, et al., 

1944). The most effective wavelength and exposure time for 

the destruction of coliform bacteria in clear water have 

been well established (Wyckoff, 1931; Gates, 1929; · 

Luckie sh, et alo, 1944) o Different species and strains of 

microorganisms are known to vary in their resistance to the 

effects of ultraviolet light irradiation (Rentschler, 

et al., 1941; Hollaender and Claus, 1935)0 Environmental 

conditions before and after irradiation influence the 

response of bacteria to ultraviolet lighto The presence of 

high concentrations of sodium or potassium salts in the 

growth medium increases the resistance of bacteria to 

ultraviolet light irradiation (Durham, 195'4)0 Incubating 

ultraviolet irradiated bacteria in salt solutions at 30 to 

45° centigrade increases survival (Roberts and Aldous, 

1949). Photoreactivation, by visable light, of ultraviolet 

irI·adiated bacteria has been demonstrated (Kelner , 1949) o 

There is considerable variation in respect to ions in 

solution and turb:i.dity in natural water supplies . Aside from 

the effect of iron upon the transmittance of ultraviolet 
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light through water (Luckiesh and Holli.day, 1944), there 

is very little information in the literature concerning 

the influence of common mineral ions upon ultraviolet 

light sterilization of water. So far as is known, 

turbidities which were investigated in relation to ultra­

violet sterilization of water were those created by such 

materials as diatomaceous or Fullervs earth. Since a good 

deal of turbidity in many natural waters is caused by clay 

of varying particle size, it was deemed essential that an 

investigation be initiated which would provide inforl4ation 

in respect to this variable. This experimental work was 

initiated to obtain information on the influence of ions 1n 

natural waters upon the biological response of bacteria to 

ultraviolet light, and the influence of different size clay 

particles on the ultraviolet treatment of water. 

Studies were also made on the influence of photo­

reactivation on survival rates of small populations of 

ultraviolet irradi.ated bacteria .. 



LITERATURE REVIEW 

As early as 1909 experimental work was conducted in 

France to test the feasibility of ultraviolet light 

sterilization of water (Grant, 1910). The earliest record 

of an installation of apparatus for ultraviolet light 

sterilization of a municipal water supply in the United 

States was in 1916 at Henderson, Kentucky (Smith, 1917)0 

This worker reported the effectiveness of the pla.nt at 

Henderson to be adequateo However, this plant was 

abandoned some time between 1923 and 1924 (Baker, 1948)0 

Blocher (1929) described an ultraviolet system installed at 

Berea, Ohio, whi.ch he reported effectively treated 84,ooo 

gallons of filtered water per hour. Perkins and Welch (1930) 

reported effective disinfection of water with a ncu carbon 

arc. These workers reported a residue of resistant forms 

which was not reducible within practical commercial limits. 

Baker (1948) states that all the municipal installations in 

this country have been abandoned and but few industrial- ­

communal plants are in operationo He also states that no 

record could be found of plants still in operation in 

Europeo The reasons given for replac:ing the ultraviolet ligl:t 

treatment plants were high operation costs and the belief of 

state officials that chlorination would be of greater 

efficiency (Baker, 1948)0 

The product i on of low-pressure mercury tubes made from 

ultraviolet light transmitting glass and which operate with 



good efficiency at 18 to 25'0 centigrade has st:imul~ted 

a renewed interest in the application of ultrav·:tolet 

energy to the sterilization of watero The greatest 

interest being in the application of this method to the 

treatment of small water supplies (Gilcreas and De Lalla, 

19,3 ). Luckiesh~ et al. (1944) stated that the energy 

from one 30 watt ultraviolet la.mp will destroy 99 per cent of 

~scherj.p)lia ~o~i in 7,000 gallons of water per hour. These 

work:ers suggest .that the sterilizer be designed so that 90 

per cent of the energy be absorbed in the water, thus 

preventing energy from being wasted on the walls of the 

treatment chambere 

Luckiesh and Holliday (1944) determined the lethal dose 

of ultraviolet energy for ~scherj,gh;lg coli in water to be 
2 4 . 2 

approximately l-tO microwatt minutes/cm (2o4 x 10 ergs/cm )o 

Rentschler, et al (1941) report that 10 exposures of 1 
2 

second duration at 220 microwatts/cm were sufficient for 

99 per cent kill of E@herich;:ta col~ on the surface of agar 

media. These workers demonstrated that a decrease in 

intensity could be overcome by an equivalent increase in 

exposure timeo Coblents and Fulton (1924) using low light 

intensities found that the law of reciprocity was not 

strictly followedo With a ~0-f'old reduction in l:i.ght 

intensity, the exposu:re ti.me had to be increased by a 

factor of 75 to obtain comparable lethalityo Hollaender 

(1943) demonstrated that the energy necessary for a 50 
0 

per, cent kill of Escherichia coli at 2650 A W'as 
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103 ergs/sece/cm e The most effect ·wavelength of 

ultraviolet light for destruction of bac:ter:1.a :ts .near 
0 

2.650 A (Gates, 1929; Duggar and Eollae.1:1.der, 1934; 

Hollaender and Claus, 1935; Wyckoff, 1931; fiollaender, 

1943) 0) The energy necessary to k:Lll 50 T)er cent of 
0 

~~ S.£.15:: at a wavelength of 2536 A was shown to 
2 O ? 

be 2.00 ergs/mm· and that at 265·2 A was 110 ergs/mm-

(Wyckoff, 1931)., 

The temperatt11:e coeffielen:t of the bacteri.ei.dal 
0 

action of u1.traviolet light: :i.n the~ spect:r·a below 3000 A 

was shown to be 1.,1 (Hollaender, 19!+3),, Sm:Lth and 

6 

Perry (191+1) dt1.:ring an invest:igat.ion of the use of ultra-

. 1·t . ' ·1·. 1-, '] 1 d ... t' v1.o-.e. rays in sr.;erL :i:.zi:ng vegEn.,ao .. e ny :rocooJ..e:c wa- er, 

notied that tempera:ttu:0e var:i.at:ton f':rom 1 to 4·0° centigrade 

·was not a factor :i.n determj.r.dng the ef'fecti,reness of' 

kill c;, The en.er gy output of the lamp m1;1y be decreased as 

much as 75 per cent by immersing j:c i.n water at 

temperatures of ;;0 centigrade (Cortelyou, et al., 1951+-b) .. 

The treatment o:f bacterial cells after ultraviolet 

irradiat:icm greatly i.ni'luences the survival rates.. The 

reductj_on of the lethal action of uJ.traviolet light by 

exposing the irradiated cells to visible light has been 

demonstrated (Kt~lner ;1 1911-9)., The act:Lon spectra :for this 

11 photoreactivati.on1i has been establj.shed to be below 5000 
0 0 
A ·with a peak of function at 3?50 A (Kelner, 1951) ti 

Roberts and Aldous (191-1.9) noted a recovery of' j.:rradiated 
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cells of jfil3cherichi.a .£.Q1i when they wer e i nc ubated at 37° 

centigrade in a phosphate buffer containing ammonium 

chloride and magnesium sulfate. This recovery apparently 

reached a maximum after 5 hourso Cells placed on synthetic 

media resulted in higher survival rates than those plated 

on standard nutrient agaro A reduction in the concentration 

of agar used in the plating media resulted in an increased 
0 

rate of survival. Cells held at 5 centi.grade for 5 hours 

showed no significant variation from the controls. 

Anderson (1951) verified the work of Roberts and Aldous 

and stated that there was a signlficant increase in survival 

rates wi.th a 10° rise in temperature from 30 to 4o0 

centigrade . Heat reactivation of ultraviolet light 

irradiated ~c.hU ~ strain B fallows much the same 

order as light reactivation., Strain B/r is not as sensitive 

to heat reactivation as is strain B (Anderson, 1951). 

Claus (1933) demonstrated that the lethal effect of 

X-ray radiation of ,Escherichia cQl.i is enhanced by salts of 

heavy metals. Durham (1954) demonstrated that the presence 

of sodium or potassium salts in concentrations of o.5 to 4.,o 

per cent in the culture media in which the cells were grown 

greatly increased the resistance of Escherichia coii strain 

B and strain B/r, to ultra violet light irradi.ation. 

Luckiesh, et al ., (1944) and Luck:i.esh and Holliday (1944) 

reported that iron in colloidal solution influences the 

transmittance of ultraviolet li.ght in water . These workers 

stated that the l i ght transmit tance through 5 inches of water 



may be reduced from 93 to 7 per cent by as little as 1 

ppm of' iron in solution in the form of Fec13• 

Turbidities in excess of 75 ppm were. sufficient to 

reduce the sterilizing action of a 30 watt ultraviolet 

lamp operating through a distance of 3/8 inches of water 

w:i.th an exposure time of 4o2 seconds (Gilcreas and 

De Lalla, 1953). The turbidity in this instance was 

caused. by diatomaceous earthe Organic turbidity such as 

that .caused by skim milk at the rate of 30 ppm in water 

p~otected bacteria to the same degree as 100 ppm of 

diatomaceous earth (Gi.lcreas and De Le.lla, 1953 )., 

8 
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METHODS AND MATERIALS 

lo General Procedures 

In order to study the influence of certain ions in 

solution and clay turbidities of different particle size 

on the sterilization of water, it was necessary to devise 

a standardized procedure for irradiating and sampling the 

bacteria in the watero Since the inactivation of bacteria 

exposed to ul trav-iolet light is exponential between 20 and 

80 per cent killing (Hollaender, 1943), a survival rate 

between 40 and 60 per cent was selected for _control 

treatments. The 40 to 60 per cent survival rate was 

obtained by fixing the exposure time and varying the 

intensity of the ultraviolet light by changiµg the gista~ce 

between the light source and the cells. Sterile __ distill~d 

water buffered to pH 7.2 was used in making the solutions 

of various ions or clay suspensionso Water with ions in 

solution or with suspensions of different sized clay 

particles was inoculated with a standard inoculum of 

Escherichia co;Li strain B to _give a finai conc~ntr~tion 

of 1 to 2 million cells per ml. The cell suspensi9ns 

were then irradiated by passing the water at a constant 

rate of flow through a crystal quartz tube mounted 

horizontally in front of a 4 watt germicidal lampo Samples 

of non-irradiated_ water were taken from the inflow end of 

the tube . and __ irradiated samples were_ taken from the outflow 

end. Five irradiated and five non-irradiated samples were 



talrnn for each treatment. '.rot al bacterial cou..nts w·ere 

made by plat:i.ng the samples in nutrient agar and 

incubating at 37° centigrade for 48 hours. 

The ends of the quartz tube were m.asked to provide 

10 

an expos1J.re length of 18 cmo The flow :rate wa.s mainta.:tned 

at 1 liter per minute for all treatment$o The center of 

the quartz tube was 3 cm and the ends 9o~ cm from the 

light source. By selecting points along the base of a 

triangle in which the quartz. tube seryed as tJ:J.e base line 

and the lamp as the apex, several measurements were me.de 

to determine the ul.trav:iolet . light energy at calculated 

di.stances from the lamp. From tpese measurements, tp.e 

average intensity transm:i:tted through the quartz tube 

containing clear water was calculated to be approximately 
' . 2 

5L~O 1:nicrowatts/cm" At a flow rate of 1 .~iter per mi.~.ute, 

the cells in suspension were exposed appro.xima:tel;l o .. 5 

seconds, and therefore received approximately 

3 x 103 er gs/ cm2 /sec. " 
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.ll• Descrip:t.iQn _p.f ,Apparatus 

The ultraviolet light source used in this investiga­

tion was a General Electric Company, 4 watt, germicidal 

lamp. The lamp was seated in the_ "head" of a small . 

ultraviolet-light wate;r sterilizer (Cortelyou, et .al., 

1954a). The sterilizer head and bracket were mount~d in 

the rear of a wooden box the dimensions of which were 

24 by 23 by 14 cm (Figure 1). The mounting was_ so 

arranged that the lamp was inside, perpendicular to the 

bottom, and equidistant from the sides of the box. The 

top of the box was flush with the sterilizer head, and a 

window was cut to facilitate measurements of . light 

intensity. Parallel slots were cut in each side of the 

box. Sliding panels were placed over the slots and a 

hole poinciding with the slots drilled in each panel. 

A crystal quartz tube with an inside. diame_ter of 8 mm an<i 

an outside diameter of 10 mm was passed throu_gh the holes 

in the ' panels. With this arrangement the quartz tube 

was in a horizontal position in front of the lamp. The 

distance between the lamp and the quartz tube could be 

varied by moving the sliding panels. 

Water was supplied to the quartz tube through glass 

tubing from a 17 liter carboy mounted on a stand 2t feet 

above the quartz tube (Figure 2). Constant pressure was 

~aintained by the use of a constant flow siphono The flow 

rate was measured by a flo-wrator and controlled by means 
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of' a needle valve attached to the out;:f'lcrw end of the 

quartz tube., An outlet was prmrided at the bc1ttom of the 

:flowrator which served as a bypass and allowed for the 

application of negative pressure to start the flow through 

the siphon. When this bypass was closed water would flow 

through the flovJrator and the quartz tube., A sampli.ng 

bypass was inserted between the flo'lrrr'ator and the quartz 

tube from which non-:i .. rradiated samples were obtained.., 

The front end. of the bo.x j"n which th.e lamp was 

mounted was left open :Ln order that rnea.su.:r.ement:s could be 

made of the u1t1·aviolet light t:ransm:t.ttecl through. the 'lttater 

under invest:i.gat::io.n., Ult:ra.v:tolet light energies "Te1'.'e 

measttred by means of a llght metE:1:r eqt1.ipped wi.th a, 
1. 

Luck5.esh ... Tay1.o:r germicicl.al 1a.ttacrunent() In orde:r that o.nly 

the light ·which passed through the quartz tube and the 

water within the tube b(::i measured, a cardboard shield was 

placed above and below the tubeo The light meter was 

mounted on a sliding block of wood which was held by means 

of a chanrrnl to a larger block (Figure 3) o A centimeter 

scale was fixed to the larger block and a needle pointer 

set in the sliding bloc.It so that reproducible measurements 

of uJ.. trav:iolet light could be mad(:3 at des:ired distances 

from the sourceo 

1Gener.al Electri.c Company~ Nela Park, Cleveland, 
Ohio.,, 



Figu:re 3 

Diagram of Lightmeter Mount 
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lJJ.. Cult;gr§ 

The microorganism used throughout this work was 

Escherichia coli st:rain B. The culture was mainta:i.ned 
~~ 

on nutrient agar. slants and stored a.t 5° centigrade. 

Transfers were made once each month to fresh slants, 

incubated 48 hours at 37° ce:ntigrade, and retu:rned to 

storage tmtil used. Cultures for experimentation were 

prepared by transfer from aga.r slants to 30 milliliters 

of nut:r:i.ent broth i.n 250 ml Erlenmya:r flasks o The broth 

cultUl'es were i.ncubated 24 hot.1.1'.'S at 35° centigrade with 

constant shaking on a :rota.ry shaking machine operating at 

appro:ximately 180 rpm.., This p1•oc.~ed1;.re pl'.•oduced cultures 

with a constant popt.tlati.on o:t:' appro:x::i.ma.tely 5' :x: 109 

v:1.a.ble eel.ls per millil:i.te:r. Stan.da:r.d cell suspensions 

for inoculating water were prepa:r.ed by centrifuging the 

cells from a measured amou.nt of the broth cttltureo These 

cells were washed and resuspended in 0.02 molar sodium 

or potassiwn phosphate buffer. 

JJ[.. Meq1g 

Nutrient broth used to culture the bacteria and as 

a base for all nutrient agar was of the following 

composition: 3 grams yeast extract (Difeo) and 5 grams 

peptone (Lewis) per liter of distilled water0 .All media 

were adjusted to pH 6.8 by the use of 1.0 N NaOH and 

dispensed in tubes or flasks in wh:tch they were sterilized 

at 120° centigrade for 20 minutes in the autoclave. 
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Agar medium. was made by adding 15 grams of a.gar-agar 

(Difeo) per liter of nutrient brotho The nutrient agar 

for plating was prepared just prior to the time it was to 

be used, d:i.spensed in 1 liter flasks, sterilized and 

placed in a water bath at 45° centi.g:rade until usedo 

lo P""'T~J2f!:rat.!rul ..21: .. ~lay 

Two clay f:r.acti.ons widely separated in respect to 

part:1.cle size were obtained by sedimentation procedures 

from clay dispersed in watero The two clay fractions 

selected were made u.p of particles which had sedimentation 

rates equivalent to spherical particles l to 2 Jl and 

Ool to 0.,2 Jl in diameter as determined by the applicat:i.on 

of Stoke is law for rates of settli,ng of' spherical particles. 

Actual dete:rmination of particle size of the clay could 

not be made by this method since clay particles are not 

sphericale 

Dispersal of clay in water was accom.plished by adding 

approximately 500 grams of clay to 2 liters of' water, 

adding an excess of sodium oxalate and adjusting the pH 

to between 805 and 9o0 with loO N NaOH (Puri, 1949)0 

This mixture was shaken intermittently for 1 to 2 hours 

and allowed to stand a few minutes to permit large 

particles to settle outo The supernatant was decanted 

into a blendor and agitated 1/2 houro The suspension was 

then transferred to 1 liter graduate cylinders and allowed 

to stand 1 hou:r., The .material remaining i.n suspension at 
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the end this t:Lme was deeantea. and centri.fuged .. at 112 

times gravity~ The clay whi.ch settled out at this force 

will be referred to as the 1 to 2 ~ fraction. This fraction 

of clay was resuspended in a di.lute sodium hydrox:tde 

solutiono The supernatant was concentrated by boiling to 1 

liter and centrifuged at 1790 t:imes gravity for 1 hour., 

The material which remained in suspension was discardedo 

The clay which settled out in this treatment was resuspended 

in dilute sodium hyd:roxi.de and aga:Ln. centr:Lfu.ged at 1790 

times gravity for 15' m:iJ'.lUtes. The sediment was discarded 

and the supernatent centrifuged f:or l hour at 1790 times 

grav:i.ty0 The particles which settled out in the last 

ope:.rati.on will be ref er:recl to a.s the O .. l to Oa2 ;1 fractio11"' 

Th:Ls sediment; was resuspended i.n the same manner as the · 

1 to 2 p. fraction" '1:he clay suspensi.ons were sterilized 

in the autoclave at 120° centigrade for 30 minutes in 

tightly stoppered flasl<.::s and allowed to cool., The amount 

of clay in each suspension was determined by weighing 

aliquots which had been evaporated to dryness in an 

electric oven at 105° centigrade(> Frequent :redeterm:i.na­

ti.ons were ma.de :i.n order that changes in weight due to 

the loss of. watEir would be detected. 

When clay turbidit:l.es o:f var:iou.s concentrations were 

to be tested for light absorpt:t.on or .influence on ultra­

violet steri.lizati.on, a calcu.lated amount of clay was 

added fro1n the clay suspensions to bt1ff ered distilled 



water. The buffer used for all clay experimerrts was 

sodium phosphateo 

Il• P;i;:ocedure .tQt .Q.at:i.g_ns 1n .§.Q.lut .. =i;Qn 

19 

Control cells were treated with ultraviolet light in 

buffered distilled water. The total salt concentration of 

such water was approximately 280 ppm" Cells to be tested 

for response to ions were placed in buffered distilled 

water to which had been added the chloride salt of the 

particular cation under study. The cations and 

concentration of each tested were: Na-500 ppm, Mg-500 ppm, 

K-50 pp.m,, and F'e ... 5 ppm., The control and cation waters 

we:t:•e inoculated with enough standard cell suspension to 

give final concentrations of· l to 2 mill:1.on bacteria 

per mlo After inoculation, both the control and the water 

containing the various cations were placed in the 

refrigerator at 10° centigrade for 8 to 10 hours. At the 

end of this period the water was brought to room 

temperature and placed in the carboy reservoir of the 

system previously describedo Five samples of irradiated 

and non-irradiated water were taken at random for both 

the control and cation treatments., Each sample was di.luted 

with sterile buffered distilled water to a dilution which 

would contain more than 30 but less than 300 bacteria 

per ml. One ml of this dj.1.uti.on was plated in nutrient 

agar in each of 3 to 5 replicate plates. Counts were made 

of total colonies after 48 hours incubation at 37° centigrade. 



VII.. Procedure wtth Turb:i.d:i:ties 
~ ~'-=' C>~~..,.;¢= 

Fifteen li .. ters of' distilled water buffered wi.th sodium 

phosphate to pH 7o2 were placed in the reservo:tr of the 

treatmen:t system and inoc ulat;ed with enough standard cell 

suspension to give concentrations between 1 and 2 million 

bacteria per ml.) Five li.ters of thi.s water were allowed 

to flow through the apparatus and 5 random samples talren 

as non-turbjJJ. controls., The remaining 10 liters i.n the 

reservoir were made to 50 ppm clay suspension by the 

addition of an app:ropr:ta:te amount of one of the sterile 

stock suspensions(} Five more liters were allowed to pass 

through the apparatus and. 5 random samples taken as the 

50 ppm treatment., Tb.e 5 liters rema:tning :tn the reservoir 

were made up to 100 ppm w:ith an approprj.ate amount o.f the 

same stock su.spEinsiono Thj.s liquid was allowed to flow 

through the apparatus and f :i:1Te random samples taken as 

the 100 ppm treatmento Other experiments were performed 

in which the same procedure was used except that the 

reservoir water was made up to 100 and then 150 ppm clayo 

Non-irradiated controls were taken at random from the 

entire 15 liters of water., Five :repli.cate plates were 

made of each sample,, after su:i .. table dilution in steri.le 

buffered. c1ist:t11ed water<) 

In order to obta:tn inf (Xr.mati.on on the possibility 

that clay turbidity may protect bacter:Lal cells from 

ultraviolet; i.rradiation other than by absorpt:l.on of light, 
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experi.ments were performed with bacteri.a in clear water 

exposed to intensities of ultraviolet light reduced to the 

amount transmitted by 100 and 150 ppm of each clay 

fraction. This was accomplished by moving the quartz tube 

containing clear water away from the light source until 

the ultravi.olet light transmitted was the same as that 

transmitted by the turbid water& 

y_m.. MeasurEWents !Ji. l.ran ... ~ittan~ of J;ight 

Through _QJ.ay Susp~U§.i.pns 

The transmittance of light through water containing 

50 ppm of each of the clay fractions was determined in the 

visible and ultraviolet light spectra between 65'0 and 350 

and at 25'4 l!JJlo The measurements in the visible spectrum 

were made at intervals of 25 mµc, The transmittance of' 

visible light was measured by a photoelectric spectro­

photometer. Ultraviolet light was measured by the use 

of the instrument described previouslyo 

IX. Photoreactivation Prqceduxe 

Bacteria which had been irradiated with ultraviolet 

light in buffered distilled water were exposed to high 

intensities of visible light for 45 minutes to l houro 

The temperature of the cell suspensions was maintained 

between 30 and 34° centigrade during this treatme_nte 

Controls from the same irradiated population were kept in 

the dark the same time and temperature as the light 
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treatmentso At the end of the exposure period all samples 

were placed in the refrigerator at 10° centigrade until 

plated. All samples were plated in nutrient agar with 3 

to 4 replicate plates for each sample. The plates were 

incubated 48 hours at 37° centigrade and total counts made 

of viable cells. 

The total. ntunber of cells in the suspensions before 

irradiation ranged between 1 and 2 million per ml. 

Approximately 50 per cent of' the cells were killed by the 

ultraviolet light treatmento 

The light source for photo:reactivati.on was a General 

Electric Company, number 1 photoflood lampe The light 

was filtered through a 2 per cent aqueous copper chloride 

solution to remove all i.nfrared 1:lght o The light and 

filter were mounted in a ·water bath made from a glass 

cylinder which was 6 inches in diametero The cell 

suspensions to be treated were placed in sterile test 

tubes fastened to the outside of the water bath by means 

of large rubber bandso The upper 1/8 of the test tubes 

was above the top of the cylindero The tubes were filled 

to a. level which would keep the cell suspensions below 

the top of the cylinder .. The water bath was placed in 

a si.nlt and supplied with water at 30 to 34° centigrade 

from the tap. The water was allowed to flow continuously, 

and overflowed onto the lower part of the test tubes to 

keep them at the same temperature as the bath.., A water 



bath without the light and fi.lter was used for the dark 

controlso The filter was made by placing an 800 ml beaker 

inside a 1 liter beaker and filling the i.nterspace with 

the copper chloride solution. The lamp was placed inside 

the 800 ml beaker. The lamp and f :i.l ter were held in 

place in the water bath by means of ring clampso 
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RESULTS 

~ Influence .Q! Particle ~ .Qf Clay Suspen§ions .QD. ~ 

Transmittance .Qi Visible~ uitraviolet Light 

The transmittance of visible light of the longer 

wavelengths by the two clay fractions in suspension in 

water differs greatly (Figure 4)o This difference, 19 per 

cent at 650 mµ, becomes less as the wavelength of light 

decreases until at 350 mµ the transmittance is the same 

for the two clay fractionso The loO to 2o0 µ clay 

fraction shows a gradual decrease in transmittance, from 

77 per cent to 70 per cent, as the wav~length is 

decreased from 650 to 350 mµe The 0.1 to Oo2 µ clay 

fraction, on the other hand, shows a drop in trans­

mittance from 96 per cent to 70 per cent over the same 

spectrum. At a wavelength of 254 mµ 20 per cent less 

light is transmitted by the suspension made up of 

particles from the Ool to 0.2 ~ fraction than by the 

suspension made up of particles from the 1 to 2 ~ clay 

fraction . There is an apparent cross-over of the 

transmittance· curves of these clay fractions as the 

wavelength of light decreases from 650 to 254· mµo This 

indicates that measurements of turbidity by visible 

light transmittance cannot be used as a criterion for 

ultraviolet light treatment of water. 
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Figuxe 4 · 

Per Cent Light of Different Wavelengths 'Transmitted···.· 

by 50 ppm of Each of the Clay Suspensions 

•= 0.1 to 0.2 u Clay 

90 

80 

70 

60 

5o-/-650 550 
I ~ 

350 
Wavelength of Light in mu 

100' 

90 

0 80 

70 

60 • 

?---+---+ 50 
250 

• t.> 
• p 

(j) 

8 
(tl 
.µ 
+:> 
,I"'! 
a 
ti) 

fJ 
it: 
.µ 
A 
(I) 
0 

fi 
© 
~ 



26 

~ Inf'luence .Qt: Qm upon j3qrvival Rates .2!: Bacteria 

Irradiated ,in Water 

The survival rates of bacteria irradiated in water 

.made turbid with clay of each of the :fractions are 

significantly higher than the survival rates of bacteria 

irradiated in clear water in all treatments except those 

containing 50 ppm of the 1 to 2 J.1 clay fraction (Tables 

1, 2 and 3) o No significant difference in survival 

rates could be detected between the two suspensions at 

~Opp.mo The difference between the survival rates of 

cells irradiated in suspensions of 100 ppm of the 1 to 

2 )1 clay fraction and the 0 0 1 to Oo2 µ clay fraction i.s 

higr,.ly significa.nto The difference between survbra.l 

rates of cells irradiated in suspensions of 150 ppm of 

each of the clay fractions is also significanto 

~ Influence ~ Cations .sm. §urviv~ ~ 

Jr;i;:adi.ated Bacte1:1§ 

The su:rvival rates of Escher;Lchis S2l,j, allowed. to 

stand pre-irradiation at 10° centigrade for 8 to 10 hours 

in buffered water and buffered water containing the 

chloride salt of various cations were not signi.fi.cantly 

d:ii'ferent in any of the treatments except those 

irradiated in the presence of iron (Tables 5, 6, 7, 8 and 

9). Iron at 5 ppm absorbed 37 per cent of the incident 

ultraviolet light ~nd cells i.rradiated in 5 ppm iron 

survived at a significantly higher rate than·those of the 
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water free from iron with thr~ t:ransm:1.tted ultrav:lolet 1:i .. ght 

reduced. to the amount transmitted by buffered ·water 

containing 5 ppm irono The results obtained from this 

treatment indicate that the increase of survival rates 

of' cells irradiated in water containing ~ ppm of iron was 

due t;o the absorption of 11..ltravj_ol6t light (Table 9). 

1rhe possibility was considered that thc1 slight upward 

trend in surv:l'val rates of the bacter:'.La irradJ.ated :tn the 

pres<-;nce of 500 ppm of the chloride salt of the various 

cations was due to osmot:lc p:ressu:re dif'ferencer:L, 

:gxperi.ments we:re per.formed in which two \•.tide ranges of 

total salt concentrations were used., The :results indj_cate 

that osmot:i.c pressure as produced by these salt 

concr:mtrations si did not influence ul trav:tolet irradiat:i.on 

effects on Escherichia coli in water (Table lO)a 
·~~~-~ 

~ ,Im:1Jl§™ ..Qi J~ho.1.Qr-<a§:.9...t~gn ~ ~ J.:o.Jl~.!1£11§ 

Qt .Irr.~~ ].:mct.§2'.'_ja 

There is a good deal of variation in the data obtained 

from tb.e experiments on photoreact:i.vatio.n (Table 11L, The 

data obtained in the f:l.rst two exper:iments indicate an 

i11crE:1ase of su:r.v:Lval rates of' :L:rradiated cells wh:lch ·werEJ 

exposed to visible l:lght o The last two expe:r:i.rnents 

· a· t h :i.n .:i .. ca c:.e no cJ. ange in su .. rvj.val ratesa When the combined 

data v.mre analyzed, no s:lgnlf lea.nee could be attributed to 

the visible light treatment: a. 



Test No .. 
1 

2 

3 

4 

5 
6 

Average 

Per cent 
Survival 

Table 1 .. - - . 

Survival of Escherichia coli irradiated in clear and turbid water -- - - -- 4 
Number of Cells x 10 

· conl;ro1· 50 ppm clay 50 ppm clay 
(No turbidity) 1 ... 2 u .1-.2 u 

Non ... Non~ Non;.. 
Irradiated Irradiated Irradiated Irradiated Irradiated Irradiated 

124* 71 J,3'.:1- 86 138 93 

87 _53 103 68 89 65 

_94 54 91 56 ·9s 73 

139 90 142 87 151 99 

124. 
·- 75 125 88 112 84 

113 52 91 60 106 69 

-113 66 115 74 112 81 

58.o 65.2 69.5** 
- " - -· ~ - . -~ . ..,, - "'" ·- .. -~ -· ··-· . -·-- - - -- --

* All figv.res gore_ th~ _ _average_ o! 5 _r.~plicate_ pla:tes from each of 5 random samples. 

** Significantly greater tha.~ the control at the 5% level. I'\) 
co 



Table 2 

Survival of Escherichia coli irradiated in· clear and t.urbid water . -- --- ,--·- -- . ·4 

Control 
(Zero turbidity) 

Non-
Irradiated Irradiated 

Test No. 
1 

2 .. 

3 

4 

5 
6 

Average 

Per cent 
Survival 

143* 90 

122 88 .. ' 

·34 34 
':t,' 

'94 30 

178 87 

197 123 

136 75 

55 

NUiilber of Cells x 10 

100 -ppm clay 
1 ... 2 u 

Non-;.;· 
Irradiated Irradiated 

144 94 

122 98 

82 . 41 
.. 

95 41 

188 110 

192 142 

139 · 87 

64** 

100 ppm clay 
.1-.2 u 

Non-
Irradiated Irradiated 

149 125 

113 95 

-32 59 

9Z 64 

176 133 

204 165 
.. 

134 103 

77** 

*·-All figures are the average of 5 replicate plates from each of 5' random 
samples. _ _ __ 

** Significantiy--grea.ter than· the control at the 1% level and the difference 
between these is significant at the 1% level. 

I\) 
,o 



l?-Pl~.3. 

Survival of Escherichia coli :l.rra<:iiatecl in clear and turbid water 
4 

Number of Cells x 10 

Test No. 
1 

2 

3 

4 

Average 

-
Per cent 
Survival 

Control 
(Zero turbidity) 

·· Non-
Irradiated Irradiated 

83* 34 

198 126 

178 83 

180 102 

159 86 

54 

150 ·ppm clay 
1-2 u 

Non""' 
Irradiated Irradiated 

83 47 

191 152 

189 112 

182 122 · 
·-

162 109 

67** 
--••"--"-••_. -•--•-u• ~-~~•• -·-•-·------·-·-~ -- -••---- ---------• ~--,-

~~~~~~~~ 

150 ppm clay 
.1-.2 u 

-

Non"'" 
Irradiated Irradiated 

82 58 

176 144 

205 176 

~Z2 144 

159 131 

81** 

* · All figures are the average of 5 replicate plates from each of 5 random 
samples. . .... _. ___ _ 

** Significa.ntly-·greate:r than- the control at the 1% level and the difference 
between these is significant ~t the 1% levelc, 

lµ 
0 



-· Table 4 

Numbers of cells surviving ultraviolet irradiation in clay suspensions and with 
light intensity reduced to correspond to that transmitted by the clay suspensions 

100 ppm 100 ppm 150 ppm 150 ppm 
1 ... 2 .u Clay O.l - 0.2 µ Clay 1 - 2 .U Clay O.l - 0.2 .u Clay 

Test NQ .. 1 2 3 4 5 6 7 8 
Repo 

140* 1~5 164 118 1 127 157 179 139 
2 1~6 124 1 1 176 161 118 174 1,4 

~ 1 2 133 139 161 148 116 168 1~3 142 118 132 174 141 98 184 1 ~ 
5 123 122 l~6 122 145' l12 187 

Means 142.6 126.2 13.6 170.0 150:,ti. 112.4 178)+ 1¢a.6 

Light Reduced Light Reduced Light Reduced Light Reduced 
Equivalent to Equivalent to · Equivalent to Equivalent to 

IOO ppm - 100 ppm 150 ppm 150 ppm 
1 - 2 µ Clay O.l ~ 0.2 .U Clay 1 .,,. ·2 Jl Clay Q.+ - 0.2 µ Clay 

Test No. 1 2 3 4 5 6 7 8 
Repo 

153 124 142 174 108 174 1 l~l 152 
2 1g3 121 140 175 l 9 116 199 157 

~ 1 1 130 151 169 155 114 189 151 
1~2 123 137 160 148 104 192 155 

5 1 3 1oz 138 162 1~z 111 182 142 
Means 141+.4 121.0 141.6 168 .. 6 152.0 11006 188.6 151.4 

* Each figure represents the average from 5 replicate plates. 

vJ 
I-' 



-~a1J;t? 5 
Survival of Escneriehia coli __ i:r:r~gi:3.'!:;1?9, _after_ ~:t_anding in buffered water and 

buffered water __ QQP,tgini:n,g 509 ppm Na as NaCl 

Test Noo 
1 

2 ·-

3 

4 

Average 

Per cent 
Survival 

4 _N_umber of Cells x 10 

:13¢'.f~*'ed Wate;r_ _ ______ 

Non-irradiated Irradiated 

122* _5'1 

111 50 

149 7_8 

190 113 

144 74 

51 

5'00 ppm Na 

Non-irradiated Irradiated 

124 53 

107 59 
150 92 

.. 194 114 

145 79 

55 

* All figures are the average of 3 replicate plates from 5 random samplesc 

vJ 
I\) 



Table 6 

Survival of Escherichia_ coli i;r;r:ag.ic1ted .afte;r standj_ng in buffered water and 

Test Noo 
1 

2 

Average 

Per cent 
Survival 

buffered water containing 50 ppm K as KCl 
4 

Number of Cells x 10 

Control 50 ppm K 

Non-irradiated Irradiated Non-irradiated 

121* 37 15"4 

211 91 171 

161 64 16~ 

38 38 

Irradiated 

56 
67 

62 

* -All figures are the average of 3 replicate plates from each of 5 random 
sample Se 

lAJ 
vJ 



Table 7 ___ _ 

Survival of Escherichia SQ.U __ D;'l"9-Q.i§.t.~<i_ ~ter_ $tanding in buffered water and 

buffered wate:r_cQpt9-inip.g 5'00 ppm Ca as CaC12 
'4 

Test Noe 
1 

2 

Average 

Per cent 
Survival 

Control 

Non- irradiated 

124* 

219 

172 

41 

Number of Cells x 10 

Irradiated 

53 

~7 

70 

500ppm Ca 

Non-irradiated Irradiated 

118 54 
243 114 

180 83 

46 

* · All f'igures are the average o:f 3 replicate plates from each of 5 random 
sample so 

l;j 

+ 



Table 8 

Survival of Escnericqia coli_ i:rJ'.'.~g:t~:_t;~g __ a:ft~r. ~~anding ~ buffered water and 

buffered wate:t> __ CQJ.ltg.inip.g 500 pp~ Mg as MgC12 

Number of Cells x 10 

Control 500 ppm Mg 

Non-irradiated Irradiated Non-irradiated Irradiated 

Test No .. 
1 216* 86 217 63 

2 127 l+l 200 92 

~ 226 91+ 296 176 

4 226 140 190 126 .. 

5 61+ 34 60 40 

6 110 67 107 69 

Average 128 77 178 91+ 

Per cent 48 53 Survival 

· - *·-A.1..1 figures are the average of 3 - 5 replicate plates from each of 5 random 
samples., 

w 
\J\ 



Table 9. 

Survival of Escher"i chia coli irradiated in buffered water and buffered water 
~ " - . ---· - ~ - -· - - , ' -~ ---

Rep .. 
1 

2 

3 

l.~ 

5 

Average 

Per cent 
Survival 

Non ... irradiated 

162* 

162 .. 

183 

173 

161 

168 

contcJ.:ln~g ~ 5 ppm ]f e as. Fec13 
4 

Number of Cells x 10 

Irradiated 

Control 5 ppm Fe 

61 99 

74 115 

68 111.1-

65 101. 

72 102 

68 107 

4o.4 64e8 

Reduced** 
light intensity 

104 

109 

109 

117 

107 

109 

63.,3 

~ :::...;....: .::;::..... ~~----------=------------= 
* Al],. figures ~are :th~ <:1y§!rc3oge of' 5 repli9ate _plates of one sample., 

** Light intensity reduced to the equivalent of the 5 ppm Fe treatment* tiJ 
(;\. 



Tq.QJ,e 19_ _ 

Per cent surviv~J,,. _9:f.'_ Escherichia coli ~I'l:l.Q.i§.t?q :in_ -W?:t~rs of different 

concentrations of a standard. salt mixture* 

Total Salt Concentration 
ppm 

70 in 4ietill~d water 

700.in gi§till~g w~t~r 
368 tn. g15-ttll~g wat~~ pl;lff~~~g t9 pH 7.2 

1088 in distilled water buffered to pH 7.2 

* Standa.r~_~alt mixture 

;3 pa.;rt$ NaCl 

3 pafj:;$ C~Cl2 

3 pa;rj:;s MgC12 

1 part KCl 

Per cent Survival 

56 

55 
5_8 

53 

l>J 
·--J 



Table 11 

Survival o:[' Escherichia~ exposed to visible light 

after irradiation with ultraviolet light 

Number of Cells x 104 

Average 

Light Survivors 

q4* ., 

97 

115 

--~ 
87 

Dark. Survivors 

69 

75 
103 

4l+ -
73 

* Each figure is an average of 3 - 4 replicate plates 
from 5' random samples. 
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DISCUSSION 

The measurements of visible light transmitted by the 

two clay fractions show a continual decrease in 

transmittance as the wavelength of light decreaseso There 

is much less drop in transmittance of light by the 1 

to 2 µ clay fraction than by the O.l to Oo2 µ clay fraction. 

Measurements of ultraviolet light transmittance demonstrates 

that less ultraviolet light is transmitted by the Ool to 

0.2 µ clay fraction than by the 1 to 2 µ clay fraction. 

Many of the standard turbidimeters are calibrated 

against suspensions made up of Fuller's earth or 

diatomaceous earth, and depend upon the measurement of the 

transmittance of visible light of wavelengths longer than 

500 muo As evidenced by the almost permanent turbidity~ 

many of the surface waters of the southwest contain clay 

particles smaller than those in the 1 to 2 Jl fraction used 

in this work. Therefore, measurements made by the use of 

standard turbidimeters would not furnish adequate 

information on clay turbidity conditions of water to be 

treated with ultraviolet lighto Determinations of clay 

turbidity by weight would be of little value unless 

particle sizes were known, and even this would serve only 

to indicate the trend expected in ultraviolet light 

absorption. 

The biological measurements of the influence of 

particle size of clay suspensions on ultraviolet light 
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treatment of bacteria in water follow the trend of the 

physical measurements of light absorption. At clay 

concentrations of 50 ppm, survival rates of cells irradia­

ted in the presence of clay particles from the 1 to 2 µ 

fraction were not significantly greater than the survival 

rates of cells exposed in clear water. However, the 

increase in survival rates of the cells exposed in 50 ppm 

clay suspensions of the 0.1 to 0.2 µ fraction were 

significantly greater than the survival rates of cells 

exposed to ultraviolet light in clear water. The survival 

rates of bacteria irradiated in suspensions of 100 and 150 

ppm of the 1 to 2 J1 clay fraction were significantly 

higher than those of the controls. The survival rates 

of bacteria irradiated in suspensions of 100 and 150 ppm 

of the 0.1 to Oa2 u clay fraction were significantly 

higher than the controls and significantly higher than 

those of bacteria irradiated in suspensions of the same 

concentration of the 1 to 2 µ clay fraction. No 

phenomena functioning to protect the cells in turbid water 

from the lethal effects of ultraviolet light other than 

absorption of light could be demonstrated. In view of 

this, clay turbidity measurements based upon ultraviolet 

light transmittance can be used as an aid in establishing 

exposure time in ultraviolet treatment of water. 

Bacterial cells allowed to stand for 8 to 10 hours in 

comparatively high concentrations of chloride salts of the 



cations commonly found in water were not altered in 

respect to ultraviolet light resistance. It has been 

demonstrated that high concentrations of sodium or 

potassium salts in the growth medium increases the 

resistance of bacteria to ultraviolet light (Duxham, 

1954). The increased resistance may be due to the 

presence of the salts duxing the time of growth. If 

this be true, it is very improbable that bacteria, 

especially the pathogenic water-borne group, would be 

effected by this phenomenon after they were released 

into water. The absorption of light by iron in sol­

ution is apparently the only function of this ion in 

protecting bacteria irradiated in its presenceo While 

the amount of iron used in this work exceeds the con­

centrations ordinarily found in water, it is worthy of 

note that the concentration of iron in water may vary 

over a considerable range and may influence ultraviolet 

treatment of water. 

The suxvival rates of bacteria exposed to osmotic 

pressure differences before and duxing ultraviolet 

irradiation suggest that any difference in death rate 

due to :the osmotic pressuxe differences are not additive 

with ultraviolet light killing effects. 

Photoreactivation of small populations which were 

inactivated by ultraviolet light could not be demon­

strated in this investigation. The informatition 

presented in the literature indicates that this may be 



expected , since actually a small percent age of t he cell s 

available for reactivation in large populations responded 

to treatment with visible lighto Populations of 

Escgerichia coli as large as 2 x 109 cells per ml exposed 

to a dose of ultraviolet light which would produce 

approximately 99 per cent mortality may be reactivated 

to a survival rate near 10 per cent (Kelner ~ 1949). In 

smaller populations, such as those used in this work, the 

numbers of cells available for reactivation wer e 

approximately 5 x 1050 If 10 per cent of such populat ions 

were reactivated there would be 5,ooo more visible cells 
4 

per ml of sampleo Since a dilution of 10 was necessary 

to estimate the original population t his number would be 

so smal l that detection in dilution and plat i ng procedures 

would be unlikelyo Unless drinking water is grossly 

contaminated, the expected numbers of bacteria would be 

less than one million per ml. The li.ght intensities used 

to demonstrate photoreactivation is higher than the 

intensity to which irradiated bacteria in water would 

ordinarily be exposedo Therefore, photoreactivation is 

not likely to be a factor in influencing ultraviolet 

sterilization of water. 



SUMML\RY 

The transmittance of visible and ultraviolet light 

through clay suspensions of two wide ranges of particle 

sizes was determinedo Visible light transmittance was 

found to be greater through the small-particle clay 

fraction than through the larger.-parti.c1e fractiono The 

reverse was found in the transmittance of ultraviolet 

li.ghto Survival rates were determined for~~ 

.9..Qli exposed to ultraviolet light in the presence of 

various concentrations of each of the t1,,ro clay fractions ... 

These were demonstrated to be signi.f i.cantly higher for 

the cells exposed in the small-particle clay fraction 

than those exposed in the larger-part::tcle clay :fractionll 

when concentrations of 100 or 15'0 ppm ·were used. 

Cells of Jj:~cJ.1...§..r.lclli~ c..9J.j were exposed to ul trav:i..olet 

light in the presence and in the absence of the cat:i.ons 

commonly :found in natural waterso The biological response 

of these cells to uJ..traviolet light was found not to be 

significantly di.ff erent., 

The St.U'.'vival rates of cells exposed to ul.traviolet 

light in water at different osmotic pressures were 

deter.mined.o Osmotic pressure differences over the ranges 

studied did not influence survival@ 

Photoreactivation of comparatively small populations 

of ultraviolet irradiated cells was inve:stigatedlt The 



results of the experime:p.ts_perfo'.t:'med indicate that this 

phenomenon does_ not function to .~uch a degree to be 

detectable under these conditions. 

44 



LITERATURE CITED 

Anderson, · E~ H. 1951 Heat reactivation of uJ.tra-violet 
inactivated bacteria. J. Bact .. , 61, 389-391+ .. 

45 

Baker, M. N. -· 1948 The Ouest for Pure Watero The American 
W~ter Works Association, New Yor~, New York. 354-356 .. 

Blocke:r; . J~ .. M. · 1929 The purification of water by ultra­
violet radiation. Amer. Water Wk.s. Assoc. J., ~, 

' 136'.l.-13720 

Claus~ . W_. D . .. i .933 Enhanced_ lethal effects of X-rays on 
Bacillus coli in the presehce of inorganic saltso 

. Jour. Exper. Med., .52., 335-347. 

Coblentz,'W .. ·w. and Fulton1 H. R. 1924 _ A radiometric 
investigation of germicidal action of ultraviolet lighto 
u • . s. Bur. Standards Sci. Papers, l.2, (495) 641-680. 

Cortelyou, ~ J .• R,.1 McWhin.t1i~ 1 M. A., Riddiford, M. s. and 
S~mrgq, J. E. 1954a .t;t.;:rfects of ultra~violet irradiation 
9~ _ia~ge populations of certain water-borne bacteria in 
mot~Qn. _ Io Th€ development of adequate agitation to 
provide an effective .. exposure period. Applied 
M1cI_'obiol .. , _g, 227-234 .. 

Cortelyou_, J,. ~ • .1 _McWhinnie 1. M. A., Riddif ord, M. s. 1 and 
Semrad, J • .t;t.;. ·1954b 1'he effects of ultraviolet 
irr!3,diationon large populations of certain water-borne 
bacteria in motion. II. Some physical factors affecting 
effectiveness of germicidal ultraviolet ·irradiation. 
Applied Microbiol., i, . 269-273. 

' . 

Duggar 1 B. M. and Hollaender, A .. 1934 Irradiation of plant 
viruses and microorganisms with monochromatic light. 
J. Bact., £2, 241-256. 

Durham, N •. N. 1954 Induced mutation rates and ultraviolet 
resistance in Escherichia coli. Ph.D .. dissertation, The 
University of Texas. 

Gates, F. 1929 A study of the bactericidal action of ultra­
violet light. I .. The reaction to monochromatic 
radiations. J. Gen. Physiol .. , 13, 231-248. 

Gilcreasi F. w. and De Lalla! L. 1953 Application of ultra­
vio et light sterilization to water treatment. New Eng. 
Water Wks. Assoc .. J., 130-139. 



Grant; K. c. 1910 Sterilization of polluted water by 
ultra-violet rayso Eng. News, ..92±, 275., 

Hollaenderi A. 1943 Effect- of l~ng ultraviolet and short 
visib e radiation (J500-4900A) on Escherichia .Q.Q]J.o 
J. Bact., 2±§, 531-51+1. 

Hollaender, A. and Claus Wo Do 1935 The bactericidal 
e~fe~t of ultraviol~t radiation on Escherichicf c6~i in 
liquid suspensions. Jo Geno Physiol .. , .l.2, 753-7 • 

Kelner, A. 1949 Photoreactivation of ultraviolet­
irradiat·ed Escherichia~ with special. reference to 
the dose-reduction principle and to ultraviolet­
induced mutations. J. Bacto, .212!1 511-522. 

Kelner A. 1951 Action spectra for photoreactivation of 
~traviolet-irradiated E§cherichia,:cS~i and Streptomyces 
,g;riseu§. J. Gen. Physiolo:, 3.4, 83 - 2,, 

Luckiesh, M. and Hollidayi L. Lo 1944 Disinfecting water by 
means of germicidal amps. G. E. Review, ~Z, 45. 

Luckiesh, M., Taylor, A.H. and Kerr, Go P. 1944 Germicidal 
energy. A practical method of measuring the trans­
mission and absorption of germicidal ultraviolet energy 
by water. Extent to whi.ch suspended particles and 
dissolved compounds influence .the water-disinfecting 
ability of an ultraviolet sourceo G. E. Review,~ ' 709. 

Perkins~ R~ G. and Welch, H. 1930 Sterilization of water by 
ultra-violet light emittea by the carbon arc. J. Amer .. 
Water Wks. Assoc., ,gg, 959-9n7. 

Puri, A, N. 1949 SQils Theit Physics and Chemistry .. Reinhold 
Publishing Corporation, New York, u. So A. 

Rentschler, H. c., Nagy R. and Mouromseff, G .. 1941 
Bactericidal effeci of· ultraviolet radiation.. Jo Bact.,, 
2±1, 745-774. 

Roberts, R. B. and Aldous, E. 1949 Recovery from ultraviolet 
irradiation in Esche_!ichj.a .£.9.l,1o ,J . Bacto, .52.~ 363-376" 

Smith A. To 1917 Ultra~violet rays finish treatment of 
~enderson water supply. Eng. News Record, 2.:)., 1021-10220 

Smith, F. R. and Perry, Ro L. 1941 A study of the germicidal 
action of ultraviolet light o Io Use of ultra.violet rays 
in vegetable hydrocoolerso Food Research,~' 345-360. 

Wyckoff, R. W. G. 
violet light. 

1931 The killing of colon bacilli by ultra­
J. Gen. Physiolo, 1.2, 351~361. 



APPENDIX 

This appendi~ cop.tains tabular data from which 

summary tables presented in the text were prepared~ 



i 

Table la 

Survival of Escherichia~ irradiated 
turbid water 

in clear and 

Number of Cells x 10 4 

Control 

Non-irradiated Irradiated 

Test 1 2 3 4 5 6 1 2 3 4 5 6 
Noo 

Rep. 
60 46 1 12a* · 83 103 1a2 128 109 70 53 81 ;~ 2 12 85 96 1 6 115 114 66 55 53 101 ~ 

a 
114 88 81 141 135 115 62 60 55 85 73 
126 90 89 149 122 116 76 ~~ 51 84 81 56 

5 ~ I 102 130 118 112 82 ~ ..Ja2 ~I Mean 7 9'+ 139 124 113 71 ~ 90 

50 ppm 1 - 2 u Clay 

Test 1 2 3 4 5 6 1 2 3 4 5 6 
No. 

Rep. 
98 143 126 ~ 81 63 60 76 54 1 132 92 90 

2 131 97 91 i~~ 115 §~ 69 58 89 88 51 

a 
134 125 8? . 126 9l ~ 52 9: 92 60 
128 98 89 136 124 I ~~ i 91 86 67 

~ ~ -9.:i~ ~ · 
~ 122 62 86 i 68 

Mean 13 103 91 125 91 'Eb b8 'E7 bO 

50 ppm 0.1 - 0.2 Jl Clay 

Test 1 2 3 4 5 6 1 2 ~ 4 5 6 
No. 

Rep; 
1a5 85 98 153 114 62 98 87 61 1 100 92 70 

2 1 1, 90 89 155 117 106 94 63 73 106 '86 64 

a 
146 86 lo4 l~O 108 114 102 62 72 105 79 70 
124 95 101 1 8 107 102 94 74 71 96 85 68 

5 ffi ~ 100 ffi 116 108 .M 64 .z.e _2g 82 86 
Mean 13 98 112 106 93 ~ 73 99 ]ii: b9 

* All figures are the average of 5 replicate plates 
from 1 sample .. 



ii 

Table 2a 

Survival of Escherichia cqli irradiated in clear and 
turbid water 

Number of Cells x 10 4 

Control 

N on-irr ad ia ted Irradiated 

Test 1 2 3 4 5 6 1 2 3 4 5 6 
No. 

Rep. 
152* 128 88 190 195 81 88 1 97 90 35 30 130 

2 146 119 85 87 194 201 111 88 32 35 95 131 

a 
141 126 78 98 180 192 ~~ 92 33 25 85 127 
149 124 89 94 150 208 86 39 27 91 101 

5 l~O 122 80 i ffi 191 ....§2 I j 26 ij 128 
Mean 1l+3 122 ]I+ 17 197 90 30 123 

100 ppm 1 - 2 µ ciay 

Test 1 2 3 4 5 6 1 2 3 4 5 6 
No. 

Rep. 
145 81 86 40 41108 144 1 117 97 190 207 92 

2 141 118 74 87 201 192 98 87 42 40 116 1a6 
a 

146 128 90 98 180 169 99 103 
ar 

40 114 1 0 
145 127 82 96 197 192 97 120 44 104 142 

5 142 122 i ~ ~ l.22 88-i 44 41111 ffi Mean 11+1+ 122 192 ~ 9 1+1 'l+1 ms 

100 ppm 0.1 - 0.2 ~ Clay 

Test 1 2 3 4 5 6 1 2 3 4 5 6 
No . 

Rep. 
86 98 186 96 62 5l± 138 164 1 139 107 201 121 

2 171 · 109 . 87 98 194 198 149 92 '64 6? 126 157 

~ 141 108 85 93 174 208 133 97 i~ 66 134 161 
148 120 79 106 153 211 107 90 65 128 170 

5 m ill I 1.Q3 ttt ~ ~ ~ ij ~ 1.3.2 ffi Mean 113 97 0 2 133 

* All figures are the average of 5 r eplicate plates 
f rom 1 sample. 



iii 

Table 3a 

Survival of Escherichia coii irradiated in clear and 
turbid water 

Number of Cells x 10 
4 

Control 

Non-irradiated Irradiated 

Test 1 2 3 4 1 2 3 4 
Noo 

Repo 
88* 198 35 88 1 190 172 132 109 

2 86 201 194 179 32 133 89 99 
· a 

76 192 182 181 34 . 119 88 107 
89 208 148 178 39 125 79 101 

5 i ~ ffi H8 j 122 -ij -2.2 
Mean 19 17 1 0 126 102 

150 ppm 1 - 2 )1 Clay 

Test 1 2 3 4 1 2 3 4 
Noo 

Repe 
85 167 ~ 118 1 199 191 140 127 

2 82 207 203 183 1 9 119 124 

a 
81 192 182 182 e+ 145 116 133 
86 169 195 196 

4a 
1 8 98 118 

5 80 190 ~ ~ ~ 111 129 m 1+7 -Mean 191 1 9 1 112 122 

150 ppm O.l - Oo2 J1 Clay 

Test 1 2 3 4 1 2 3 
No. 

Rep. 
86 186 62 1 202 172 141 174 139 

2 86 194 203 175 64 1 2 17 1,4 

a 
85 174 "198 171 56 140 168 143 
78 151 208 179 47 142 180 hl 5 I !% ~ 181 64 

* 
186 

Mean 175 ;s 176 0 

* All figures are the average of 5 replicate plates 
from 1 sampleo 



iv 

Table 5a 

Survi vai_ 9f Esch€-richic)o ~ irradiated after standing 

in buff e--r-ed distilled_ water and in 500 ppm Na as NaCl 

Number of Cells x 104 

A. 500 ppm Na 

Non-irradiated Irradiated 

Test 1 2 3 4 1 2 3 4 
No. 

Rep. 
li4 61 56 96 114 1 130* 115 213 

2 133 113 1 2 172 ~ 51 92 114 

~ 113 112 i~ 201 62 98 109 
125 82 186 52 66 89 124 

5 1'~8 11'~ 141 200 ;?i~2 63 86 102 
Average 12;».8 107.4 150.8 194.4 5906 92.2 114.o 

Per cent survival 55.3 

B. Buffered distilled water 

Non- ir:r ad ia ted Irradiated 

Test 1 2 3 4 1 z 3 4 
No. -. 

Rep. 
15.3 195 55 48 9.6 112 1 129 121 

2 102 104 150 201 62 ~ 76 123 

~ 112 -- 115 152 1.96 46 .94 116 
119 111 136 197 42 ~~ 63 114 

~ l4Q J.Q6 ~22 J.62 ~~ ZQ 101 
Average 120oii 111.4 · 1-9.2 190.8 50o2 77.8 113.2 

Per cent survival 50o7 

* Each figure represents the average of 3 replicate 
plates. 



V 

',fable_ 6a 

Survival of-~sb,_erich;ta ~-- irrad1ated after standing in 
buffer~d distilled_ wa.ter anci 50 ppm K as KCl 

--· -' . 4 -
Number of Cells x 10 

Ao 50' ppm K 

Non-irradiated Irradiated 

Test ~o~ 1 2 1 2 

Rep. 1 172* 141 64 58 
2 16'9 155 59 75 
~ 145 179 61 82 

1·52,i 2·23 -~i 76 ····5 . l+ . 122 46 
1~.2· ~to6 Average 171.2 67.4 

rer cent survival 38o0 

B. Buffered distilled wat~r 

Non-irradiated Irradiated . . 

Test No. l 2 l ? 

Rep. l 126 213 a2 86 
2 124.: _.;221 __ ;_ i 91 

~ 136 ~i~ ~l 
96 

101+ - 92 
5 ;LJ;6· . '" 214 . 33 • ,-_ 82•·-

Average 121.2 211.4 37. ,o 9008 
... 

Per cent survival 38.4 

* Each figure represents an average ef' 3 repliea.te 
plates. · · 



Table 7a 

Survival ··or E§cherichia· cgli irrad'iated after standing in 
buffered distilleq. wate:r and in 5'00 ppm Ca as CaC12 

Nunilber of Cells x 10 4 

Test No. 

Rep. 1 
:2 

a , ..... 5' 
Average 

Test. No. 

Rep. l 
~ 

~ 
5 

Average 

A... . :131.lff e:recl distilled water 

Non-irradiated 

1 2 

11:7* 216 

i~~ 205' 
239 

111 224 
:113 2;L3 

121.j. 2 ,·. 219 ' <II. 

Per cent survival 1+0.7 

B. 500 ppm Ca 

Non-irradiated 

1 ,. 2 

131 226 
123 260 
117 216 
112 21+4 
lij9 

11 .4 
2ZQ 

243.,2 

Per cent · surviva1L~46.5' 

Irradiated 

l 2 

5'2 86 
55 88 

ii 88 
87 

·~ 
86 
87 

Irradiated 

1 2 

,s 116 ,o 133 

~g 106 
10.8 

-~ 
108 

114.2. 

* Each figure represents an average of 3 replicate 
plates. 

vi 



Table Sa. 

Survival of Escherichia coli- irradiated after standing in buffered-distilled water 
~din 500 ppm Mg as MgC12 

Number of Cells X 104 

A. Buffered-distilled water 

Test No. l 

Rep. 1 
2 

·a 

204 
214 
216 
225 

5 221 
Av:-erag.e , 216 

Non-irradiated 

2 3 4 5 6 

144, 235 208 63 104 
114 214 214 55 92 
121 226 230 68 121 
•129 241 235 70 111 
1~8 214 244 66 123 

127.4 226 226.2 64.4 110.2 

Irradiated 

1 2 3 4 5 6 

82 l+3 103 132 36 68 
95 40 98 11+5 33 70 
.96 43 82 140 32 69 
-81 40 90 147 36 62 
2.Z 32 2a 138 ~4 zo 

86.2 41.0 9 .4 140.4 3 .2 67.8 
Per cent survival 47.8 

B. 500 ppm Mg, 

Non-irradiated Irradiated,. 

Test No. 1 2 3 4 5 6 1 2 3 4 5 6 

Repo 1 237 221 287 170 67 104 
2 230 204 293 207 57 111 
3 213 193 286 203 66 106 
4 235 200 301 179 60 108 
5 J;J_,Z 18'5' 316 ·193 .· >22 109 

Average 217.2 200.,6 298.6 190.4 . 60.4 107.6 

68 85 172 118 43 63 
58 76 177 138 38 69 

, 63 111 178 125 36 72 
62 89 176 125 !+2 72 

..62 82_ . 18;L • 126 ~4 · rz1 
63.6 92.0 176.8 126.-4 37 .6 69."4 

Per cent survival 5'2.8 
< I-'• 
I-'• 



viii 

Table 10a 

Survival_pf_l,scherichia coli irradiated in different 

concentrations 9f a standard salt mixture 

Number of Cells x 104 

Salt Non- Per cent 
Concentration Irradiated Irradiated Survival 

ppm 

124:* 71 
131 68 

70 126 70 56o4 
117 71 
126'·· a Means 12408 700 

112 66 
113 64 

360 102 66 5706 
115• 60 

~ 62 
Means llOe 63°b 

~. ·'· 

105 61 
112 58 

700 117 65 55.4 
124 68 
ii~-, ·-.64, 

Means 'b3 
105 49 
10~ 61 

1080 11' 64 52e9 
106 52 
106 ~ Means 10608 

* Each figure is an average of 3 - 4 plates. 



Table lla 

Survival of Escherichia coli exposed to visible light after irradiation with 

ultraviolet light 

Number of Ce_lls x 10 4 

Light Survivors Dark Survivors 

Test No. 1 2 3 4 1 2 3 4 

Rep. 
89 36 78 78 88 1 93* 113 33 

2 98 100 117 47 60 72+ 102 45 

3 88 101 ll2 43 67 70 107 50 

4 103 101 120 41 ,79 80 110 47 

5 88 -2±- 116 42 M 2l 111 46 - - --=-

Average 94 97 115 2+2 69 7, 103 44 

* Each figure is an average of 3 - 4 replicate plates. 

I-'• 
:,,< 
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