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I. INTRODUCTION.

Kronig and Paul (1897) were the first to study the process of
disinfection by making quantitative observations at intervals during its
progress. Their figures showed that disinfection proceeded in an orderly
manner and that the rate diminished as the number of survivors became
less. Ikéda (1897) attempted to express their results by an empirical
formula.

In 1907—1908, Madsen and Nyman,and H. Chick working simulta-
neously but independently at this subject, found that during the process
of the disinfection of anthrax spores by chemical agents (mercuric chloride
and phenol respectively) the concentration of spores remaining alive
varied logarithmically with the time, and that therefore the number of
anthrax spores destroyed per unit time was proportional to the number
present in a unit volume of the medium at that moment. An analysis of
the figures published by Kronig and Paul showed the same relationship.
Tables T (H. C. 1908, p. 99) and Ib (K. and P. 1897, p. 26) are examples
of the progress of disinfection of anthrax spores with phenol and
mercuric chloride respectively ; the corresponding curves in Figs. 1a and
1b, where logarithms of concentration of survivors are plotted against
time, show the logarithmic relation graphically.

Logarithms of concentration of survivors

Logarithms of concentration of survivors

|$T) 200 3(‘70 400 “5 2‘5 3‘5 45 55
Time, minutes Time, minutes

Fig. 1. (a) Disinfection of anthrax spores with 5 9/, phenol at 33-3° C. (H. C. 1908,
Table II, p. 99).
(b) Disinfection of anthrax spores with 011 °/; mercuric chloride at 18° C.
(Kronig and Paul, 1897, Table IX, p. 26).



H. Cuick 239

TABLE I a.

Disinfection of Anthrax Spores with 5 °/, phenol at 33-3° C.
(See H. C. (1908), Table II, p. 99.)

Mean number of

Time, bacteria surviving K=
minutes in one drop of dis- 1 log N,
=t infection mixture, =N Log,, N ta—t, log N,
0=t, 439=N, 2642 —_
30 2755 2439 0068
75 1375 2138 <0067
120 46 1663 +0082
180 158 1-199 +0080
246 545 736 0077
300 36 556 0069
420 05 - 301 0070
* In this and all subsequent tables, values of K from the expression t_lri:, log f\\liq are
n n

calculated with Briggs’ logarithms in place of natural logarithms.

TABLE Ib.

Disinfection of Anthrax Spores with 0°11 °/; mercuric chloride at 18° C.

(See Kronig and Paul (1897), Table IX, p. 26.)

Time, Mean number of K=
minutes bacteria surviving 1o N,
=t =N Logm N =ty Nn
10=¢, 2027 = N, 3307 —
15 672 2-827 ‘096
20 564 2751 ‘056
25 382 2-582 ‘048
30 251 2400 ‘045
35 179 2253 ‘042
40 138 2:140 ‘039
45 101 2004 037
50 80 1-903 *035
60 39 1-591 ‘034
70 6 778 ‘042
80 3 477 ‘040

The conclusion arrived at by Madsen and Nyman and also by myself
was that if the disinfectant be present in large excess relative to the
bacteria, disinfection proceeds in the same manner as a reaction of the
first order, that is to say, as a unimolecular reaction, or, what amounts
to the same thing, as a bimolecular reaction with one reagent in excess.
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The reason for it so doing must, apparently, be sought for in the
same direction as in the case of the hydrolysis of sugar by water or the
decomposition of hydrogen arsenide by heat, which are both reactions of
the first order. The explanation offered by the physical chemist is that
there is no permanent dissimilarity between the molecules, but that at
any one time only a proportion of them is in the condition to undergo
the dissociation or chemical union. This temporary increased suscepti-
bility is believed to be occasioned by differences in the internal energy
of the molecules. This interpretation has the advantage of affording
a possible explanation of the influence of temperature upon the rate of
reaction.

It would appear that with anthrax spores we are dealing with a
population possessing but slight permanent differences in regard to
their behaviour towards disinfectants, and that the fact that the whole
number is not killed off in the same time is not, as has been supposed,
due to permanent variations in resistance of individuals but, as in the
chemical analogies given above, occasioned by temporary energy
changes in the molecules of which the bacterial proteins are composed.

In the case of B. paratyphosus, the vegetative form worked with (H. C.
loc. cat.), broth cultures, obtained by successive sub-culturing at frequent
intervals, behaved as anthrax spores on disinfection with phenol and the
nature of the disinfection process was similarly explained. The observa-
tions made upon 24 hours’ cultures of B. paratyphosus, however, indicated
the existence in this case of some disturbing factor which caused the pro-
cess of disinfection to depart from the simple law found to apply in the
case of spores and *“ young ” cultures.

These interpretations, put forward in the previous paper already
referred to, have been criticised by Eijkman (1909), and by Hewlett
(1909) in his Milroy Lectures. Although these criticisms can, I think,
be met by appeal to the facts already published, they have stimulated
me to perform some further experiments. These experiments will be
presented first and the points raised by my ecritics will be dealt with
subsequently.

II. DISINFECTION WITH PHENOL.

(1) Method employed.

The wmethod employed for studying the reaction velocity of
disinfection in this instance was the same as that used in the previous
paper (H. C. 1908). A measured quantity (five drops from a standard
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capillary pipette =08 c.c.) from a 24 hours’ broth culture of the organism
selected was added to a tube containing 5 c.c. phenol solution immersed
in a water bath maintained at 20° C. This disinfection tube was fitted
with a capillary pipette by means of which samples could be withdrawn
and a definite number of drops taken for agar or gelatine plate cultures
at successive intervals of time. Three plates were poured at each time
of sampling, necessitating the help of two assistants. The sample drops
were dropped into 05 c.c. of sterile distilled water, previously placed
upon the plates; this lessened the error arising from the impossibility
of pouring all three plates simultaneously. The plates were counted
after 48 hours’ incubation at 37° C. in the case of agar, or after four or
five days’ at 20° C. in the case of gelatine plates, and the progress of the
disinfection reaction was studied by thus enumerating the surviving
bacteria at successive periods of the process.

(a) Experiments with B. typhosus.

Tables IT and III give the results of two experiments with -
B. typhosus and 06 °/, phenol at 20°C. Gelatine® plates were used in

TABLE II.

Disinfection of B. typhosus with 06 °/, phenol at 20° C.

Exe. 8. 1. ’10.
Mean no. of

Amount bacteriapresent
Time, of sample Numbers in 1 drop K=
minutes taken, on plates disinfection o1 log Ny
=t drops (gelatine) Mean mixture, =N Log N t,-t, °N,
0-5=t, 1 236 218 240 231-3 231'3=N, 2364 —
15 1 188 215 167 190 190 2-279 *085
2+6 1 160 157 184 167 167 2-223 ‘067
46 2 215 242 228°5 1142 2:058 075
66 2 139 172 156 1557 778 1-891 ‘077
105 3 100 93 91 94-7 316 1-500 086
15 3 33 26 43 34 11-3 1-053 ‘090
20 5 14 14 8 12 2-4 380 102
30 10 4 3 35 35 — 456 096
Mean 086

! Gelatine plates were substituted for agar in all the later experiments in spite of the
obvious disadvantages. There is some risk of error in the use of agar owing to the
necessarily high temperature at which the plates are poured, and comparative experiments
showed that higher numbers were invariably obtained by using gelatine, although the
proportion remained fairly constant.
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TABLE III.
Disinfection of B. typhosus with 06 °/, phenol at 20° C.
Exp. 14. 1. ’10.
Amount Mean no. of
of bacteria present
Time, sample Numbers in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (gelatine) Mean mixture, =N Log, N t,-1, N,
05=¢t, 1 779 717 645 714 714=N, 2:854 —
15 1 584 571 5775 5775 2762 092
25 1 406 526 451 461 461 2:664 ‘095
45 1 313 215 288 272 272 2:435 105
65 1 136 149 145 1433 143°3 2156 116
10 2 47 162 155 1213 606 1-782 113
20 r5 85 — ! 448 851 113
(10 23 54 — ) i _
Mean °106

both experiments. Disinfection, as in the case of anthrax spores,
proceeded so that the number of survivors in unit volume varied logarith-
mically with the time; the logarithms of these numbers, when plotted
against time, also gave straight lines (Fig. 2). The velocity constant,
K (=—I~— log Ai), calculated from the experimental numbers, is
th— 1 N,

given in the last column of either table, and shows fair constancy in
value.

Logarithms of concentration of survivors

1 1 N I | 1
4 8 12 16 20 24 28 32

Time, minutes

Fig. 2. Disinfection of B. typhosus with 0-6 ¢/, phenol at 20° C.
(a) Exp. 8. 1. ’10, Table IL () Exp. 14. 1, ’10, Table IIL



H. Cuick

(b) Eaxperiments with B. colv commune.

243

Tables IV and V give the results of two experiments with B. col
commune and 0'5°/, phenol at 20° C., in the one case agar and in the
other gelatine plates being used. 24 hours’ cultures in broth at 37° C,,

TABLE 1V.

Disinfection of B. coli commune with 05 °/, phenol at 20° C.

Exe. 15. 2. ’10.
Amount
of
Time, sample Numbers
minutes taken, on plates
=t drops (agar)
(08 1 593 623
19=¢t, 1 286 354 256
2-9 1 229 219 301
4-25 1 193 209 217
575 1 192 172 158
75 %1 127
2 261
10 2 144 207
15 3 121
5 261
20 3 5 116
10 195
30 10 51 20
40 20 7138

Disinfection of B. coli commune with 05 °/, phenol at 20° C.

Expe. 21. 3. ’10.
Amount
of
Time, sample Numbers
minutes taken, on plates
=t drops (gelatine)
06 1 645 623 648
15 1 565 564 639
25=t, 1 436 470 475
375 1 425 395 364
5 1 340 329 351
7 2 493 513 498
10 g 2 387 416
10 2080 1830
15 2 204 273
20 « 20 1670 1780

Mean no. of
bacteria present
in 1 drop K=
disinfection 1 log N,
Mean mixture, =N Log,,N t,-t, N,
608 608 2:784) —
299 299 =N, 2:476 —
2497 2497 2-397 079
206-3 2063 2:314 -069
174 174 2:240 -061
- % 1293 2112 065
1755 8775 1-943 066
- % 477 1-678 061
- f 20-73 1:317 064
355 355 550 ‘068
10 5 —+301 ‘073
Mean 067
TABLE V.
Mean no. of
bacteria present
in 1 drop K=
disinfection 1 log N,
Mean mixture, =N Log,,N t,—t, ° N,
639 639 2-805 _
589 589 2’770)
460 460=N, 2:663 —
395 395 2:597 053
340 340 2:531 ‘053
501 250 2:398 ‘059
- 196 2:292 ‘049
238 119 2:075 ‘047
1725 862 1-935 ‘042
Mean ‘051
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made from a stock agar culture grown at room temperature, again served
as the material to be disinfected and the method was exactly as above
described.

The results are similar to those obtained in the case of B. typhosus ;
as disinfection proceeds a logarithmic relation is approximately main-
tained between the time of disinfection and the concentration of
surviving bacteria.

In some cases for a very short period (usually less than two minutes)
at the beginning of the experiment there was some irregularity.
Numbers counted during this period are not plotted in Fig. 3 or used
for calculating the velocity constants in Tables IV and V. I am
inclined to attribute this to a difficulty with this species in obtaining
perfect mixing and accurate sampling during the first moments of an
experiment. The variation was not consistent in one sense, in some
cases the number of bacteria counted was larger, in others smaller than
was to be expected. Eijkman’s (1909) results which differ from the
above will be referred to later (see p. 249).

3 v v ~ -

Logarithmns of concentration of survivors

1 L I " L
5 10 20 30 40

Time, minutes

Fig. 8. Disinfection of B. coli commune with 05 °/, phenol at 20° C.
(a) Exp. 15. 2. ’10, Table IV. () Exp. 21. 3. '10, Table V.

(¢) Staphylococcus pyogenes aureus.

Disinfection proceeds logarithmically except for a period at the
beginning, during which disinfection is extremely slow. This period
of lag lasted in all cases for four minutes, see Figs. 4 and 5, and was
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consistently present in contradistinction to the irregularity frequently
noticed in the case of B.coli commune. At the end of this period
disinfection proceeded in approximate accordance with the logarithmic
law. '

T T

Logarithms of concentration of survivors

! I L L
2 4 6 8 10 12 14 16

Time, minutes

Fig. 4. Disinfection of Staphylococcus pyogenes aureus with 0-6 9/, phenol at 20° C.
(Exp. 6. 4. °09, Table VIL.)

TABLE VI.
Disinfection of Staphylococcus pyogenes aureus with 0-6 °/, phenol at 20° C.
Exp. 6. 4. ’09.
Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N  Log, N ¢,-t, ~N,
Control 1 1369 1218 1293 1293 3112 —
1 1 1160 1120 1143 1141 1141 3-057 —
3 1 974 1064 1093 1044 1044 3019 —
4=t; 1 986 929 940 952 952=N, 2979 —
5 1 693 669 762 708 708 2-850 129
6 2 1062 1048 1148 1086 543 2735 ‘122
7 3 1253 1167 1187 1202 401 2-603 125
8 3 728 731 729°5 2432 2:386 148
9 5 1113 912 1012-5 2025 2:306 135
10 5 761 691 890 780-7 156-1 2:193 ‘131
12 10 626 326 410 454 454 1-657 165
15 10 220 216 218 21-8 1-:338 ‘149

Mean -136
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TABLE VIL

Disinfection of Staphylococcus pyogenes aureus with 0°6°/, phenol at 20° C.
Exp. 16. 3. ’09.

Amount Mean no. of
of Numbers bacteria present Ke
Time, sample counted in 1 drop = N
minutes taken, on plates disinfection 1 log =°
=t drops (agar) Mean mixture, =N Log,y, N t,—t N,
Control 1 1222 1140 1180 1180 3:072 —
1 1 1005 978 1011 998 998 2:999 —
2 1 958 995 944 966 966 2985 —
3 1 794 878 889 854 854 2:931 —
4=t, 2 1498 1400 1570 1489 T44=N, 2-872 —
51 3 2039 1882 1649 1857 619 2:792 ‘073
7 8 2723 2586 2100 2469 309 2490 127
10 10 961 1172 1550 1228 122-8 2-089 130
15 10 315 247 - 291 1-464 128
6 187 — _
Mean °114

Logarithms of concentration of survivors

L L 1 ! L L 1 1
2 4 6 8 10 12 14 16 18

Time, minutes

Fig. 5. Disinfection of Staphylococcus pyogenes aureus with 06 o/, phenol at 20° C.
(Exp. 16. 3. 09, Table VII.)

The results of two experiments with Staphylococcus py. aur. and
06 °/, phenol at 20° C. are given in Tables VI and VII. For reckoning
the value of the velocity constant in these tables the initial concentra-
tion of bacteria is taken as that obtaining at the end of the “ period of
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lag,” as determined from the curves in Figs. 4 and 5 respectively,
where logarithms of concentration of survivors are plotted against time.
The results of two additional experiments are given in Table VIIL

TABLE VIIIL

Disinfection of Staphylococcus pyogenes aureus with 0'6 °/, phenol at 20° C.

Exe. I, 30. 3. ’09.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 lc;g Ny
=t drops (agar) Mean mixture, =N Log,,N t,—t, N,
3 1 310 310 310 2-491 —
4=t, 1 284 224 236 248 248=N, 2:394 —
5 1 120 128 127 125 125 2097 *30
6 1 107 109 108 108 2:033 ‘18
7 2 95 88 91-5 457 1-660 24
8 2 63 47 55 275 1-439 24
9 2 36 36 36 18 1-255 23
10 3 13 14 33 20 666 0-R23 26
12 5 26 25 25°5 51 708 21
15 5 17 19 18 18 36 556 17
Mean -23
Exp. II, 13. 3. °09.
1 1 663 641 633 646 646 2-810 —
3=t, 1 246 260 254 253 253=N, 2-103 —
5 1 42 49 41 44 44 1-643 38
7 2 40 24 20 28 14 1-146 31
10 2 4 6 7 566 2-83 452 28
Mean 32

In Table IX are given the results of two experiments with
Staphylococcus py. aur. and 06 °/, phenol, in which comparison is made
between the disinfection of bacteria grown at 37°C. (Exp. a) and
bacteria grown at 42°C. (Exp. b), the conditions of experiment being
otherwise identical. Disinfection in the first case was consistent with
the experiments described above, but the bacteria grown at the higher
temperature displayed as a whole a greatly increased resistance, and
disinfection was so slow that it was impossible to study it within the
time of the experiment. A similar phenomenon was noticed in the case
of disinfection of B. typhosus with phenol by Rideal and Walker (1903,
p. 431), and by Martin and the author (1908, p. 661).
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TABLE IX.

Disinfection of Staphylococcus pyogenes aureus with 0°6 °/, phenol at 20° C.

Experiments to show difference in resistance of a culture grown at 37°C.

and one grown at 42° C.
Exp. 23. 3. °09. (a) Culture grown at 37°C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop
minutes taken, on plates disinfection
=t drops (agar) Mean mixture, =N
Control 1 656 679 667 667
1- 1 600 709 554 621 621
2 1 659 616 516 597 597
3 1 587 616 613 605 605
4=t, 1 510 544 460 505 505=N,
5 2 765 932 848 424
7 3 1115 847 1017 993 331
10 1488 1410 —%
1 1505
0 8 1317 —

(b) Culture grown at 42° C.

Control 1 116 116 116
2 1 80 102 101 94-3 94-3
3 1 117 91 Ve 104 104
5 2 171 190 156 1723 86-1
7 3 231 255 265 250 834

10 10 825 768 843 812 812

Log, N

2-824
2:793
2-776
2-782
2:703
2-627
2-520

2-177

Mean

2-064
1-975
2-017
1-935
1-921
1-910

Logarithms of concentration of survivors

Time, minutes

i 2
2 4 6 8 10

th—tp

K=

1o

Fig. 6. Disinfection of Staphylococcus pyogenes aureus with 069/, phenol

at 20° C. (Table IX.)

(a) 24 hours’ culture at 37° C. (b) 24 hours’ culture at 42° C,

gNn

N,
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(2) General conclusions upon disinfection with phenol.

Disinfection with phenol may in general be considered to proceed
in accordance with a logarithmic law so that the concentration of sur-
vivors varies logarithmically with time, or, in other words, the rate
of disinfection at any moment is proportional to the concentration of
surviving bacteria ( - ‘% = Kn) .

Of the species worked with, anthrax spores, B. typhosus, and cultures
of B. paratyphosus obtained by successive sub-culturing after short
periods of growth, may be cited as proof of this assertion, without
further remark. In my opinion, B. cols commune and Staphylococcus
pyogenes aureus (if we allow for a short “ period of lag ” at the beginning
of disinfection) may be added to this list.

Eijkman, however, came to the conclusion that the rate of disinfection
of B. colv commune by phenol (1909) or hot water (1908) was not propor-
tional to the concentration of survivors, except possibly for a short period
in the middle of the disinfection, and that a much slower rate obtained
not only at the beginning but also at the end. The “ period of lag” con-
stantly present at the start was called by him a “ period of incubation.”
This is contrary to my own experience of B. colt, which, whether
disinfected by phenol or by heat (see below), I have found to die at a
rate approximately proportional to the concentration of survivors.
Slight discrepancies occur at the beginning of disinfection, but these, I
think, are attributed to error in sampling. My experience confirms that
of Eijkmann (1908, p. 17, and 1909, p. 6), who had great difficulty in
obtaining uniformity in cultures of B. cols.

In the case of Staphylococcus and 24 hours’ cultures of B. para-
typhosus the departure from the logarithmic law at the beginning of
disinfection is of a different character. The invariable “incubation
period” in the first case, and the snwariable preliminary rush in the
second, are evidently realities and must be attributed to some idio-
syncracy of the species in question. With Staphylococcus, after about
4 minutes, disinfection proceeds in an orderly manner so that the delay
is possibly due to a slow permeability of the bacterial envelope to
phenol. '

In the case of 24 hours’ cultures of B. paratyphosus (see H. C. 1908,
p- 109) the surviving bacteria decrease in number more rapidly at first
than would be the case if the rate of disinfection were simply propor-
tional to the concentration of bacteria at the moment, and a suggested

Journ. of Hyg, x 1
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explanation has already been put forward. This explanation has been
criticised in the meantime by Hewlett (1909), so that a few further
remarks may be permitted. The departure from the logarithmic law
was found to be minimised by experimenting with material obtained by
successively sub-culturing a small amount of a broth culture into fresh
broth every 2—3 hours; in this case disinfection proceeded in a more
regular manner and at the slower rate. This is shown in Fig. 7, which
illustrates two experiments with B. paratyphosus and 06 °/, phenol (loc.
cit. Tables VII and XII), one made with a 24 hours’ culture and the
other with material which had been successively sub-cultured three
times at three hours’ intervals. In the former case logarithms of
concentration of living bacteria, plotted against time, give a curve ; in
the latter case, however, disinfection is more nearly logarithmic through-
out, the experimental points lie on a straight line and the velocity
constant has an approximately constant value.

Logarithms of concentration of survivors

Time, minutes

Fig. 7. (a) Disinfection of 24 hours’ culture of B. paratyphosus with 06 °/, phenol
at 21° C. (H. C. 1908, Table VIIL.)

(b) Disinfection of 3 hours’ culture (3rd generation of 3 hours’ cultures) of
B. paratyphosus with 06 °/, phenol at 20° C. (H. C. 1908, Table XII.)

Hewlett (loc. cit. p. 50), after an analysis, among others, of the tables
from which these curves are drawn, “can only see a slight balance in
favour of the ‘ young’ cultures giving a constant less variable than the
constant obtained with 24 hours’ cultures.” Hewlett’s treatment of
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these data is not quite legitimate. The tables he compares are not
strictly comparable, the times at which samples were taken being
different in the different cases. Comparison of curves, on the other hand,
in which logarithms of concentration of surviving bacteria are plotted
against time, is unexceptionable. From experiments with 24 hours’
cultures of B. paratyphosus a series of curved lines are obtained, whereas
from experiments with successively cultured material the lines are
approximately straight, see Fig. 7.

The following interpretation was suggested to account for this
apparent anomaly. Whereas in the case of anthrax spores and other
species, where disinfection proceeds logarithmically, we may suppose
temporary differences in resistance to disinfectants to exist among the
individual bacteria (see also pp. 240 and 282), in 24 hours’ cultures of
B. paratyphosus we must suppose in addition the existence of permanent
differences in resistance among the individuals, these differences to be
in some way bound up with the “age” of the culture.

In my previous paper this was perhaps not very satisfactorily
expressed, which may account for some misunderstanding. The age of
individuals, as long as multiplication is regularly maintained during
growth of a culture, would probably be the same in all cultures of
whatever history, provided the temperature of incubation were the
same. But a difference might exist between the population of a
3 hours’ and a 24 hours’ culture, owing to the fact that in the latter
case the culture medium had altered in composition by the time the
last multiplication had taken place, as a result of the large amount of
growth it had already sustained’. In such a sense one may imagine
differences to exist between “old” and “young” cultures. Whatever
may be the correct manner of expression, it seems that the majority of
the individuals in 24 hours’ cultures of B. paratyphosus have a per-
manently weakened resistance to disinfectants, which must be distin-
guished from, and which they possess in addition to, those temporary
differences in resistance by which I account for the logarithmic nature
of disinfection in the ideal case.

(3) Summary of Section II.

1. Further experimeutal evidence is adduced to show that dis-
infection with phenol proceeds in accordance with a logarithmic law,
1 In my experiments 24 hours’ cultures would seem to have attained the limit of

growth, from the approximately constant number of bacteria they contained.
17—2
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in a manner analogous to that of a reaction of the first order, so that
the velocity of disinfection at any moment is proportional to the con-

centration of surviving bacteria ( _dn_ Kn) .

dt
Experiments have been made with
(a) B. typhosus,
(b) B. coli commune,
(¢) Staphylococcus pyogenes aureus,
and compared with those made with anthrax spores and B. paratyphosus,
which have been published previously.

2. In the case of Staphylococcus py. aur. there is invariably a
short period (4 minutes with 0'6°, phenol) at the beginning of
disinfection, when the disinfectant has little or no effect, after which
disinfection proceeds in the normal manner. The suggestion is made
that it is due to time taken for penetration of the bacterial envelope
by the disinfectant.

3. In the case of 24 hours’ cultures of B. paratyphosus, where
disinfection proceeds at first at a rate which is in excess of what it
would be if proportional only to the concentration of survivors, the
majority of the individuals possess a permanently lessened resistance to
the disinfectant. It is suggested, in amplification of a suggestion put
forward in a previous paper, that this may be caused by exhaustion of
the medium in which the bacteria have been grown. Cultures produced
by successive sub-culture after short intervals of time show approximate
conformity to the logarithmic law.

III. THE PROCESS OF DISINFECTION BY HOT WATER.
(1) General remarks upon disinfection by heat.

In disinfection by heat it is possible that three entirely different
processes may be at work :

(1) the direct effect of heat upon the proteins of the bacteria,

(2) the effect, possibly hydrolytic, of water upon these proteins at
high temperatures,

(3) desiccation of the organisms.

In sterilisation of bacteria by dry heat a combination of (1) with (2)
or possibly with (2) and (3) may occur. The germicidal action of hot
water at temperatures of 45° C. to 55° C., however, presents a very suit-
able subject for the study of the simplest disinfection process. For, from
the analogous bebaviour of proteins and enzymes, when treated with
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hot water, it would appear to present an uncomplicated instance of the
second effect.

Madsen and Nyman (1907) investigated the rate at which anthrax
spores dried in the air upon the surface of garnets (method of Kronig
and Paul, 1897) were killed when placed in glass tubes and immersed
in an oil bath at 100°C. and 110° C. respectively. At intervals one
tube of garnets was removed, the garnets shaken in a measured
quantity of water and plate cultures made. Their observations do not
afford convincing evidence that, under these conditions, disinfection
proceeds in accordance with a logarithmic law, but the authors, con-
sidering the roughness of the experimental method, seem satisfied with
the agreement between calculated and observed values.

The following experiments refer to the effect of water at tempera-
tures from 45°C. to 55°C., this method of experiment having been
adopted in order to avoid some of the complications mentioned above.

(2) Method employed.

A wide mouthed test tube, capacity about 50 c.c., was fitted with a
cork having two holes, into each of which a small piece of glass tubing
had been fitted. The smaller glass tube A (see Fig. 8) acted as a
bearing for the stirrer C' which was attached to a bicycle hub by a

Fig. 8.
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piece of india-rubber tubing. The bicycle hub had a small pulley at its
upper end round which a cord passed to the shafting. The second tube,
B, closed with a cotton wool plug, was used for adding the bacteria and
for the withdrawal of the samples.

The whole apparatus being previously sterilised, 20 c.c. of sterile
distilled water was placed in the tube and the whole allowed to remain
in the bath sufficiently long to acquire the necessary temperature. A
24 hours’ broth culture of the particular organism, grown at 37° C., was
diluted about five to ten times, and at a given moment a small quantity
of the diluted culture was introduced through the small tube B. At
suitable times samples were withdrawn with sterilised pipettes, placed
in separate small sterilised tubes and allowed to cool immediately.

At the conclusion of the experiment, plates were poured with
measured quantities of the liquid in the series of tubes, smaller
quantities (002 c.c.) from the earlier samples and larger quantities
(02 to 04 c.c.) from the later samples.

The experiments were preferably so arranged that the disinfection
tube contained about 500 to 2000 organisms per standard drop (25,000 to
100,000 per c.c.) at the start and samples were usually taken until there
were less than 10 per drop.

The character of the disinfection process and its velocity at different
temperatures was studied in the case of the following organisms :

(a) B. typhosus,

(b) B. colv commune,

(¢) B. paratyphosus,

(d) Staphylococcus pyogenes albus and Staphylococcus pyogenes
aureus,

(e) B. pestis.

(a) Eazperiments with B. typhosus.

Experiments with 24 hours’ cultures of B. typhosus were made over
a series of temperatures from 49°C. to 54°C. The results of two
experiments at 54:15° C. and 49° C. respectively are given in Table X and
graphically expressed in Fig. 9; the results of two further experiments
at 52° C. and 52°1° C. are given in Table XI.

Disinfection proceeded according to the usual rule, approximately

constant values were obtained for the velocity constant K (= o
n— L

logilr‘;) and approximately straight lines were obtained on plotting
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time against logarithms of numbers of survivors present in unit volume.
The first enumeration in the experiment at 49° C. (2008 bacteria per
drop at 028 minutes) is out of line with the other determinations, and
has been disregarded on the ground that, owing to imperfect mixing
in so short a time, much stress should not be laid upon the result of the
analysis of a sample taken during the first 20 seconds after addition of
the bacteria. If this determination is included and used in the calcula-
tion of the values for the velocity constant, disinfection will apparently
proceed at an excessive rate during the first minute (K =308). For
the reason given above it is hard to say whether the phenomenon is a
reality or not. In other experiments there is, however, also a fall,
though slight, in the value of K as disinfection proceeds, see Exp. II,
Table X, and Exps. I and II, Table XI.

TABLE X.

Disinfection of B. typhosus with hot water.
Exr. I, 9.6.°09. Temperature 49° C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,

=t drops (agar) Mean mixture, =N Log,,N t,-t, N,

0-28 1 1881 2122 2022 2008 2008 3-303 —

10=t, 1 1298 1098 1198 1198=N, 3-078 —

2:05 1 914 769 1093 925 925 2-966 107

3 3 1782 2246 2770 2266 755 2-878 -100

4 4 1947 2522 2038 2169 542 2:734 o114

1 449 — .
5 310 5180 4640 — % 488 2688 097
6 1788 — .
7 310 2800 2940 — g 289 2461 108
10 10 1113 1067 1204 1128 1128 2 052 ‘114
15 10 211 - % 242 1384 113
20 514 —
9 30 —_

20 {10 28 — } 3 477 187
20 51 —

Mean -111

Exp. II, 9. 6. °09. Temperature 54:15° C,

025 1 509 444 472 475 475=N, 2:677 —
05 1 198 201 1995 1995 2:300 1-51
10 3 121 86 108 105 35 1-544 151
15 5 40 54 46 466 93 968 1-37
20 10 16 18 13 15-66 1566 -195 1-42

Mean 145
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It may therefore be said that with disinfection of B. typhosus by hot
water an approximately logarithmic relation exists between time and
concentration of surviving bacteria, and that any departure is in the
direction of disinfection being quicker at the beginning and slower at

the end of the process than would be the case if the agreement were
complete.

Logarithms of concentration of survivors

" Il . L . B—
5 10 15 20

Time, minutes

Fig. 9. Disinfection of B. typhosus with hot water (Table X).
(a) Exp. I at 49°C. (b) Exp. II at 54:15° C.

TABLE XI.

Disinfection of B. typhosus with hot water.
Exe. I, 2. 6.°09. Temperature 52° C.

Amount Mean no. of
of Numbers bacteria present

Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 1og Mo
=t drops (agar) Mean mixture, =N  Log,N ¢t,-t, g N,

0-25 1 204 180 192 192=N, 2-28 —

1 1 6 29 20 183 183 1-26 1-36

2 2 3 0 4 233 1-16 06 1-27

Mean 1-31

Exp. II, 5. 6.°09. Temperature 52:1° C.

0-29 1 576 470 523 523=N, 2718 —

1 2 189 251 220 110 2:041 ‘95

2 5 91 67 79 158 1-199 89

4 10 18 15 16-5 1-65 217 67

Mean -84
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(b) B. colv commune.

257

Experiments made with B. coli commune at temperatures from
49° C. to 53°C. gave results similar to those with B. fyphosus.
Table XII and Fig. 10 express the results of two experiments using
agar plates; Table XIII and Fig. 11 are from experiments made with

gelatine plates.

The logarithmic relation existing between concentration of survivors
and time of disinfection is subject to some slight irregularity. In
Exp. I, Table XII, the value of K shows a general tendency to decrease,

TABLE XII.

Disinfection of B. coli commune with hot water.

Exe. I, 15. 2.°10. Temperature 48-9° C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection log N,
=t drops (agar) Mean mixture, =N  Log, N t,-t, ° N,
025=¢t, 1 371 362 383 372 372=N, 2570 —
10 1 266 253 304 2743 2743 2:438 176
2 1 191 178 201 190 190 2-279 166
4 i1 68 76 - g 6825 1-834 196
l2 129 —
6 1 25 - g 23 1-362 210
2 44 —
10 2 16 29 —1 124 1-093 152
5 67 —
15 i 5 10 - 2 172 235 159
(10 15 18 —
10 1 6 —
20 % 425 372 149
20 10 - g 7 o
Mean 172
Exe. II, 15. 2. ’10. Temperature 52:7° C.
025=t, 1 416 331 402 383 383=N, 2583 —
1-0 1 207 235 183 208 208 2:318 353
2 1 93 73 103 897 897 1-953 *360
4 2 21 47 19 29 145 1-161 379
6 %3 t3 ~} 11 041 442
5 5 —
8 10 6 5 55 *55 - 260 *367
10 10 1 0 1 ‘66 066 -1-181 -386
Mean °381
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TABLE XIII.

Disinfection of B. coli commune with Lot water.

Exe. 1, 26. 2.°10. Temperature 49° C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (gelatine) Mean mixture, =N Log, N ¢,-t, N,
075=¢t, 1 341 375 276 331 331=N, 2:520 —
15 1 313 307 332 317 317 2-501 025
25 1 249 282 295 275 275 2-439 046
4 2 500 534 462 499 2495 2-397 038
6 5 922 868 834 875 175 2:243 053
9 10 1740 1710 1490 1650 165 2-217 037
14 20 1440 1540 1290 1420 71 1-851 050
20 20 832 836 704 791 395 1-597 ‘048
Mean ‘042
Exp. II, 26.2.°10. Temperature 52:5° C.
025=¢t, 1 388 443 374 402 402=N, 2604 —
075 1 360 411 388 386 386 2-587 ‘034
15 1 309 290 268 289 289 2:461 114
25 2 478 469 493 480 240 2:380 099
4 5 617 593 598 6027 1205 2-081 139
6 313 812 - 638 1-805 139
20 1260 1310 —
8 20 574 647 697 639 32 1-505 ‘142
Mean °111

in Exp. ITand in both cxperiments in Table XIII to increase as disinfec-
tion proceeds. The latter type bears a resemblance to the experiments
of Eijkman (see above, p. 249). All, however, conform more nearly
than his to what I may call the ideal case, and, considering that the
deviation is small, and not consistently in one direction, and that the
species is moreover extremely variable, I conclude that here also
disinfection proceeds so that the rate is approximately proportional to
the concentration of survivors, and that straight lines most satisfactorily
express the relation between the experimental points when logarithms
of the latter are plotted against time.

The variability of this species is well shown by a comparison of
Tables XIT and XIII, where rate of disinfection of apparently similar
material, at approximately the same temperature, is in the one case
about four times as great as in the other.
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Logarithms of concentration of survivors

Time, minutes

Fig. 10. Disinfection of B. coli commune with hot water (Table XII).
(¢) Exp. I at 48:9°C. (0) Exp. II at 52:7° C.

~

2
S

23

Logarithms of concentration of survivor

Time, minutes

Fig. 11. Disinfection of B. coli commune with hot water (Table XIII).
(a) Exp. I at 49°C. () Exp. II at 52:5° C.
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(¢c) Experiments with B. paratyphosus.

Experiments were made with 24 hours’ cultures of B. paratyphosus
at a temperature of 47-2—47-3° C., at which temperature the rate of
death is fairly rapid. The results of three experiments are given in
Table XIV and Fig. 12.

TABLE XIV.

Disinfection of B. paratyphosus with hot water.

Exe. I, 5.5.°09. Temperature 47-2° C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection L log N,
=t drops (agar) Mean mixture, =N Log, o N t,—t, N,
1-05 1 1117 1119 1143 1126 1126 3-051 _—
22 1 774 824 836 8113 8113 2:909 —
3=t, 1 672 639 694 668 668=N, 2-825 —_
5 1 441 487 464 464 2:666 079
7 2 673 684 631 6627 3313 2:520 ‘076
10 3 618 580 599 1997 2-300 ‘075
15 5 457 397 412 422 84+4 1-926 075
20 5 198 - 443 1-646 069
10 408 502 — -
Mean 075
Exe. II, 23. 4. °09. Temperature 47-2° C.
10=¢, 1 307 242 248 266 266 =N, 2-425 —
15 1 102 133 83 106 106 2-025 080
20 2 104 107 105 105-3 526 1721 070
25 3 94 85 104 943 314 - 1-497 ‘061
30 4 50 61 47 52°66 1316 1-119 ‘065
41 5 16 12 19 1566 3-13 -495 062
Mean ‘068
Exp. III, 27. 4.°09. Temperature 47-:35° C.
7=t 1 1799 1825 1805 1810 1810=N, 3:258 —
10 1 1220 1313 1241 1258 1258 3:100 ‘053
13 2 1296 1333 1343 1324 662 2:821 073
16 3 1125 1267 1261 1218 406 2-608 ‘072
6 456 — ] . e
26 ;10 1 s - % 752 1-876 073
32 10 247 265 249 2537 2537 1-404 ‘074

Mea.n_TﬁE)~
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After the first few minutes the accordance with the logarithmic law
is very good, but, as was found to be the case with chemical disinfectants,
the reaction proceeds more rapidly at first than would be the case were
the rate dependent only upon the concentration of surviving bacteria.

T T T T T T T T

Logarithms of concentration of survivors

ool L ! 1 oy G N W WU W——
5 10 15 20 25 80 35 40 45

Time, minutes

Fig. 12. Disinfection of B. paratyphosus with hot water (Table XIV).
(a) Exp. I at 47:2°C. (b) Exp. II at 47-2° C. (¢) Exp. III at 47-35° C.

(d) Staphylococcus pyogenes albus and Staphylococcus pyogenes aureus.

Staphylococcus pyogenes albus. The results of two experiments with
Staphylococcus albus at 49°C. and 53'05° C. respectively are given in
Table XV and Fig. 13; they show fair agreement with the logarithmic
law.
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Logarithms of concentration of survivors

I 1 L. ! 1
2 4 s 8 10 12 14

Time, minutes

Fig. 13. Disinfection of Staphylococcus pyogenes albus with hot water (Table XV),
(@) Exp. I at 53:05°C. () Exp. IL. at 49°C.
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From analogy with other species one would expect the rate ot
disinfection at 53° C. (Exp. I) to be greatly in excess of that at 49°C.
(Exp. IT). The experiments were not made at the same time, and it
must be concluded that this form, like Staphylococcus pyogenes aureus,
is very variable as regards its resistance to disinfection by hot water.

TABLE XV.

Disinfection of Staphylococcus pyogenes albus with hot water.

Exe. I, 10. 3.°09. Temperature 53-05° C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N  Log, N t,-t, "N,
5=t, 2 371 393 376 380 190=N, 2279 —
6 5 386 501 459 449 898 1-953 *33
8 10 60 88 74 74 *869 47
10 10 9 14 115 115 061 44
Mean ‘41
Exe. II, 12. 3.°09. Temperature 49° C.
2=t, 1 575 513 599 562 562=N, 2-750 —
3 1 212 224 229 222 222 2:346 *40
4 1 96 51 88 783 783 1-894 *43
6 1 10 68 39 39 1-591 29
8 5 20 82 30 44 88 944 *30
10 10 39 31 35 35 544 -28
Mean °34

TABLE XVI.

Disinfection of Staphylococcus pyogenes aureus with hot water at 49:3° C.

Exp. 21. 5. 709. (24 hours’ culture from stock culture 44 days old.)

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N Log,,N t,-t, ~ N,
1=¢, 1 1826 1904 1865 1865=N, 3-271 ——
2 1 1457 1457 1457 3-163 -108
3 1 929 1279 1104 1104 3043 ‘114
7 1 517 517 517 2:713 093
10 1 416 443 429 429 2632 071
15 2 283 283 1415 2-149 080

Mean °093
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Staphylococcus pyogenes aureus. On examination of the results of
experiments with Staphylococcus pyogenes aureus (Tables XVI to XIX
and Figs. 14 to 17), it is seen that in this case disinfection by hot water
conforms to no constant type. In almost all cases the latter part of the
disinfection proceeds logarithmically (see Exps. I and II, Table XIX,and
Fig. 17, which are concerned with the course of disinfection after 10
minutes and 16 minutes respectively have elapsed), but the time
relations of the disinfection process as a whole present great variety
among which three distinct types can be distinguished :

Logarithms of concentration of survivors

—6 15 20
Time, minutes

2:0 -l
5

Fig. 14. Disinfection of Staphylococcus pyogenes aureus with hot water
at 49-3° C. (Table XVI).
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Fig. 15. Disinfection of Staphylococcus pyogenes aureus with hot water (Table XVII).
(e) Exp. I at 49-3°C. () Exp. II at 49° C.
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TABLE XVIIL

Disinfection of Staphylococcus pyogenes aureus with hot water.

Exe. I, 13. 5. '09. (24 hours’ culture from stock culture 36 days old.) Temp. 49-3°C.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N Log,, N t,-¢ N,
1=t, 1 2168 2522 2024 2238 2238=N, 3350 —
2 1 1698 1649 1516 1621 1621 3-210 140
3 1 1105 1182 1119 1135 1135 3055 147
4 1 1068 1343 1125 1179 1179 3:072 ‘093
5 1 971 1023 1082 1025 1025 3011 085
7 1 819 819 819 2-913 ‘073
10 2 1372 1558 1619 1516 758 2-880 052
20 3 1320 1160 1240 413 2616 039
30 7 1101 - 146 2164 041
10 1388 —
Exr. I, 3. 6.°09. (24 hours’ culture from stock culture 13 days old.) Temp. 49°C.
025=t, 1 912 912 912=N, 2:960 —
1-0 1 525 570 547 547 2-738 +30
2 1 542 393 467 467 2:669 17
3 1 224 108 166 166 2:220 27
4 1 42 60 51 51 1-708 *33
5 2 22 14 20 1866 933 970 42
Mean °30

(1) Disinfection rate is throughout approximately proportional to
the concentration of survivors (Table XVI), and a straight line best
expresses the relation of the points when logarithms of survivors are
plotted against time (Fig. 14).

(2) There is a “period of lag” at the beginning of disinfection
(see Exp. I1, Table X VII, and Exps. I, IT and ITI, Table X VIII, where the
value of K progressively increases) recalling disinfection of this species
with phenol ; a convex curve is obtained when logarithms of concentra-
tion of survivors are plotted against time (Fig. 15 b and Fig. 16).

(8) Disinfection is much accelerated at the beginning and becomes
slower afterwards (see Exp. I, Table XVII, where the value of K
progressively decreases) ; a concave curve is obtained when logarithms
of concentration of survivors are plotted against time (see Fig. 15 a).
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TABLE XVIIIL

Disinfection of Stuphylococcus pyogenes aureus by hot water.
(24 hours’ culture from very young stock cultures.)

Exe. I, 24, 1,°10. (24 hours’ culture from stock culture 5 days old.) Temp. 48:9° C.

Amount Mean no. of
of Numbers - bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log Ny
=t drops (gelatine) Mean mixture, =N Log,N t,-t, N,
0:25=¢t, 1 1800 1790 1090 1560 1560=N, 3193 —
20 1 1230 1330 1280 1280 3107 . (10491
5 2 1890 1930 2010 1940 970 2987 £%X.-0434
10 2 980 910 945 4725 2674 =k { 0532
7 29 — . . .
20 . = - g 48 681 127

Exp. II, 24. 1. ’10. (24 hours’ culture from stock culture 6 days old.) Temp. 52:9°C.

095=¢t, 1 1280 1110 1180 1170 1170=N, 3068 —

10 1 990 840 810 880 880 2941 165

2 2 1020 1270 1145 572 2751 §3g |176

5 6 590 — | 102 2009 =" |-228
10 1130 940 —

10 10 70 0 23 023 -638 '380

Exe. III, 9. 2. ’10. (24 hours’ culture from stock culture 2 days old.) Temp. 52+6°C.
0-25 1 Lost

10=t, 1 517 594 5555 555'5=N, 2745 —

2 1 353 353 353 2548 o (197

4 9 264 195 2295 1147 2060 8@{'228

6 5 182 151 176 1697 339 1530 = |-243

8 3 8 29 - % 3:1 -491 329
10 26 —

10 20 4 4 0-2 — 699 344

The reason! for this irregularity was not discovered, it is possible
that the cause lies in the variability of the species and may depend
upon the special character of the stock culture from which the 24 hours’
culture was prepared. It was generally true that disinfection of cultures

1 The suggestion is made that in some cases these irregularities are only apparent,
and may be due to agglutinations, taking place at once (type 3), or after an interval of
time (type 2), when an emulsion of the bacteria is suspended in hot water. Cultures of
Staphylococcus readily agglutinate when suspensions in water or broth are heated to
temperatures somewhat higher than those employed in the present experiments. Attempts
were therefore made to trace microscopically any agglutination that might occur, but
nothing significant could be detected. It is however certain that an agglutination which
would apparently increase the rate of disinfection three or four times (see Tables XVII
and X VIII) would be very insignificant and almost impossible to detect with the microscope.

Journ, of Hyg. x 18
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made from fresh stock cultures (under a week old) was of the 2nd type,
while that of material obtained from older stock cultures conformed to
the 1st or 3rd type.
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Fig. 16. Disinfection of Staphylococcus pyogenes aureus with hot water (Table XVIII).
(a) Exp.Iat489°C.(0). (b) Exp. Il at 52:9°C.(+). (c) Exp. III at 52:6° C. (0).
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Fig. 17. Disinfection of Staphylococcus pyogenes aureus by hot water
at 49-3° C. (Table XIX).

(a) Exp. L () Exp. IL
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TABLE XIX.

Disinfection of Staphylococcus pyogenes aureus with hot water at 49-3° C.
Exe. I, 8.4,°09. (24 hours’ culture from stock culture 11 days old.)

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes taken, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N Log;,,N t,-t, °N,

10=t¢, 1 458 372 489 4397 439'T=N, 2643 —

12 1 332 271 306 303 303 2-481 *081

14 2 441 369 341 384 192 2-283 090

161 3 555 527 598 560 187 2-272 ‘061

18 5 821 788 755 788 158 2:199 055

4 409 —
21 { 3 598 608 — } 1078 2:033 ‘055
10 972 —

2525 10 450 488 666 535 53°5 1-728 060

Mean -067
Exp. II, 14. 4.°09. (24 hours’ culture from stock culture 7 days old.)
16=1, {1 1158 1243 -1 1126=N, 3051 -
2 2109 —

20 3 2158 2207 2352 2239 746 2:873 044

25 5 1976 1846 1845 1889 378 2:577 053

30 10 1818 1837 1803 1819 181-9 2-260 056

40 10 305 412 373 363 363 1:560 062
Mean 054

Besides a general want of consistency in the character of the
disinfection process itself, the average velocity of disinfection under
apparently similar conditions is also extremely variable. Great diffi-
culty in obtaining constancy of resistance in cultures would appear
to be characteristic of work with Staphylococcus. In disinfection by
hot water it was unusual to obtain the same result twice, unlooked-
for alterations in resistance were constantly occurring, for which the
responsibility was not satisfactorily traced. For example, Table XVII,
Experiment II, shows a value of the velocity constant which is nearly
three times that of the average in Experiment I, and four to five times
that in Experiments I and II, Table XIX, all of which were made under
almost identical conditions as regards temperature.

There is no entirely satisfactory explanation for these inconsistencies.
As mentioned above, I find that the previous history of cultures of
Staphylococcus modifies very considerably their behaviour towards

18—2
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disinfectants; in the case of disinfection with phenol, difference in
temperature of incubation had an unexpectedly great influence upon
the resistance of the bacteria towards phenol (see above, p. 247). It
is probable that it also modifies its resistance to hot water.

(e) B. pestis.

The results of one experiment with B. pestzs at 50° C. (Table XX
and Fig. 18) show fair agreement with the logarithmic law.

TABLE XX.

Disinfection of B. pestis with hot water at 50° C.

No. of organisms

Time, minutes in 5 drops disinfec-
=t tion mixture, =N Log,, N
4-25=t, 9440=N, 3:975
7-0 6880 3-838
9'75 6160 3:790
130 4460 3649
160 3340 3524

K:

1 N,
th— 1ty 108 lvn
050
*034 .
037
038

Mean °040

Logarithms of concentration
of survivors

34

Time, minutes

Fig. 18. Disinfection of B. pestis with hot water at 50° C. (Table XX).

(8) Temperature coefficient of disinfection by hot water.

B. typhosus. The experiments with B. typhosus extended over a
range of 5°C, and the temperature coefficient of disinfection by hot
water could therefore be determined with some accuracy by comparing
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velocity constants of two comparable disinfections at different tempera-
tures. In Experiments I and II, Table X, the mean value of the
velocity constant at 54°1° C. was 145, while that corresponding to 49° C.
was 0-111. This gives an increase in reaction velocity of 131 times
for 5°C. rise in temperature, 7.e. 1'67 times per 1°C., and about 170
times per 10°C. rise in temperature, if the temperature effect is
assumed to be consistent.

To ascertain the truth or otherwise of this assumption and for purposes
of comparison, some additional experiments were made with B. typhosus,
using an end-point method (see H. C. 1908, p. 118). Test tubes con-
taining 5 c.c. of distilled water and fitted with standardised capillary
pipettes were placed in thermostats maintained at different temperatures
and sown with a small quantity (5 standard drops=0-1c.c.) from a 24 hours’
culture of B. typhosus. From time to time samples (4 drops = 0-08 c.c.)
were withdrawn by means of the capillary pipette and added to tubes
of glucose broth, which were then incubated. The time necessary for
complete disinfection was taken as the mean between that of the last
positive and first negative test culture. These times of “complete
disinfection ” strictly mean the time taken for an initial concentration
of about 5,000,000 bacteria per c.c. to be reduced to less than 12 per c.c.,
i.e. till there may not be one living bacteria present in the sample taken,
008 c.c.

The results of two experiments (Table XXI) are consistent one with
the other. A logarithmic relation was found to express the effect of
temperature upon disinfection velocity, as was expected from analogy
with other cases of disinfection which have been investigated. Logarithms
of times taken for disinfection (reciprocals of mean reaction velocity)
were found to be proportional to the differences of temperature, and,
when plotted one against the other, gave approximately a straight line,
see Fig. 19.

Whether rise of temperature affects the velocity of disinfection by
hot water in a simple logarithmic manner or in accordance with the
Law of Arrhenius, it is impossible to say, for within a small range of
temperature the two become almost identical. The somewhat rough
experimental method could not be expected to give very strict mathe-
matical agreement with either, though as a matter of fact satisfactory
agreement with both is obtained (see also temperature coefficient of
disinfection with disinfectants, H. C. 1908, p. 153).

In any case the effect of temperature upon disinfection with hot
water is seen to be consistent and very great. From Table XXI the mean
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value 1'60 is obtained as temperature coefficient per 1°C. From the
slope of the smoothed curve in Fig. 19 it is seen that a rise of 10°C. in
temperature from 49° C. to 59° C. indicates an increase of 2:00 in the
logarithms of the times taken, 7.e. an increase in the mean velocity of
disinfection of 100 times, or 1-58 times for 1° C. These values are in
fair agreement with that obtained by comparing velocity constants, viz.
167 per 1°C.
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Temperature, degrees centigrade

Fig. 19. Effect of different temperatures upon disinfection of B. typhosus
by hot water (Table XXI).

TABLE XXI.

Temperature coefficient of disinfection of B. typhosus with hot water
(end-point method).

Time Logy,
Temp. taken for (temperature Temperature
of exp., disinfection*, coefficient  coefficient
°C minutes=1¢ Log t for 1°C.) per 1°C.
Exe. I, 10. 6. °09 59 1-26 +100
| 250 178
54 225 1-352
} 188 - 154
49 196 2292
Exe. II, 4. 6.°09 57 75 ‘875
l» ‘173 1-46
521 53 1-724

Mean 1-60

* Strictly speaking, reduction of about 5,000,000 per c.c. to less than about 12 per c.c.
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B. colt commune and Staphylococcus pyogenes aureus.

In the preceding experiments with B. coli commune and Staph. py.
aur. there are a few sets which can be used for calculation of the tempera-
ture coefficient of disinfection by hot water, assuming the effect of
temperature to be consistent and in accordance with a logarithmic law.
These are collected in Table XXII. Both species are extremely variable,
and it is necessary, even more than was the case with B. typhosué, that
for comparison of disinfection rate at different temperatures the experi-
ments should be carried out on the same day, with the same material,
etc. In Table XXII, for example, it will be seen that whereas on two
occasions velocity constants obtained for the disinfection of B. coli at
practically the same temperatures are very different, the temperature
coefficients reckoned from them are very similar, 1-23 and 132 per 1°C.

TABLE XXII

Temperature coefficient of disinfection by hot water, B. coli commune
and Staphylococcus pyogenes aureus.

Difference = Meanvalue Temp.
Temp., in temp., of velocity coefficient
Organism °C. °C. constant, K per 1°C.
Exe. 15.2.°10  B. coli commune 489 . ‘172 .
(Table XII) . 527 38 381 123
Exp. 26. 2.°10  B. coli commune 19 35 -0424 1-32
(Table XIII) » 525 -111
Exe. 24. 1.°10  Staph. py. aur. 489 40 0486 140
(Table XVIII) ' 529 *188

The temperature coefficient of disinfection with hot water consider-
ably exceeds that of disinfection by other means. Disinfection of
B. paratyphosus with phenol and other coal-tar disinfectants was found
to have a temperature coefficient of 10 per 10°C. under certain conditions,
while with metallic salts the figure was verymuch lower and approximated
to that usually obtaining in chemical reactions. Disinfection by drying
has also a low temperature coefficient, viz. 2 to 3 for 10° C. (Paul, 1909
and Paul, Birstein and Reuss, 1910). In the case of disinfection by hot
water we have figures ranging from about 186 per 10° C. (1635 per
1°C,, if we take the mean of the values obtained by the two different
methods) in case of B. typhosus, to 29 per 10° C. (1'40 per 1° C.) in case
of Staphylococcus and 12 per 10°C. (128 per 1° C.) in case of B. coli.
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The figures in cases like that of B. cols and Staph. py. aur., where
data are scanty, must only be considered approximate. The high
temperature coefficient makes experiment impossible except over a very
small range of temperature, and one can only obtain the effect for 10° C.
by calculation ; a small error, therefore, in the value obtained for 1°C.
will lead to a large one when this value is raised to the 10th power to
obtain the value for 10° C. rise in temperature.

(4) Influence of acids and alkalis.

The influence of reaction upon disinfection by hot water was noticed
in the course of some experiments in which a suspension of B. typhosus
in broth was the material used for investigation. The experiments
were made in order to obtain information which might be of service in
the manufacture of vaccines. The temperature was 54° C. The method
of experiment was exactly as in the preceding experiments, except that,
in place of distilled water, the bacteria were suspended in broth in
which the same species had grown for 40 hours at 37°C. and which
had been sterilised by filtration through a Berkefeld filter.

Disinfection was logarithmic, but the rate was much slower than in
distilled water under the same conditions. This was found to be due to
the slight alkalinity of the broth. On addition of a small quantity of acid

T

(025 c.c. % acetic acid to 20 c.c. broth) up to neutralisation point (litmus),

the rate of disinfection was increased about 8 times, see Table XXIII,
Experiments of 22. 7. 09 and Fig. 20. A small extra amount of acid,
too small to exert any disinfectant action of itself! (in all 0'5 c.c. ¥
acetic acid added to 20 c.c. broth), rendered disinfection so quick that
its rate could not be measured, see Table XXIV, Experiment II.

In this case, the value of the velocity constant of disinfection

1 Acetic acid in the presence of 19/, peptone has been shown to exert a disinfectant

action upon B. coli commune at and above a concentration of g (Winslow and Lockridge,

1908). B. typhosus is probably more susceptible, but in the above case (0'25 c.c. I—:— acetic

acid to 20-25¢.c. neutralised broth) it is likely that the acidity of the medium fell far short of
N
100°
tives, which also, by combining with the acid added, would tend to further reduce the
concentration of free acid in the medium,

The broth contained besides 1°/, peptone, a considerable proportion of meat extrac-
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TABLE XXIII.

Effect of small differences in reaction upon the disinfection of
B. typhosus in broth at 54:1° C.

Exe. I, 22. 7.°09. Medium=filtered culture (40 hrs. at 37° C.) of B. typhosus.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes plated, on plates disinfection 1 log ﬂ»
=t drops (agar) Mean mixture, =N Log, N t,-t, N,
032=t, 1 2796 2888 2954 2879 2879=N, 3-459 _
1-07 1 1704 1982 1894 1860 1860 3-270 25
215 2 1160 1029 1187 1125 562 2:750 39
3:50 3 565 573 504 5473 1824 2:261 38
5 157 — '
6-00 9 339 —_ 381 1-581 33
10 418 —_ f
1000 {10 20 20 - % 162 209 34
20 25 —_
Mean ‘34

Exe. II, 22. 7. ’09. Medium =neutralised filtered culture (40 hrs. at 37°C.) of
B, typhosus (10 drops=0-25 c.c. N acetic acid added to 20 c.c. broth).

1
028=¢t, 1 590 602 679 624 624=N, 2:795 —
053 1 154 36 266 152 152 2-182 2-45
10 3 40 19 40 33 11 1-041 2-44
15 3 2 0 0 066 022 - 658 283

Mean 2-57

of survivors

Logarithms of concentration

-1 L L 1 I 1 L 1 L 1 I
1 ? 3 4 5 6 7 8 9 10

Time, minutes

Fig. 20. Effect of reaction upon disinfection of B. typhosus in broth
at 54:1° C. (Table XXIII).
(a) Exp. I, broth slightly alkaline.
(b)) Exp. II, broth made just neutral (litmus) with acetic acid.
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in the original broth was 0'44; in the faintly acid broth, where
about 3000 organisms per drop were reduced to less than 1 per drop in
15 seconds, the value of the velocity constant was more than 17-6,
.. more than 40 times as great as in the original.

TABLE XXIV.

Effect of small differences in reaction upon the disinfection of
B. typhosus in broth at 54° C.

Exp. 1, 24. 7.709. Medium=filtered culture (40 hrs. at 37°C.) B. typhosus.

Amount Mean no. of
of Numbers bacteria present
Time, sample counted in 1 drop K=
minutes plated, on plates disinfection 1 log N,
=t drops (agar) Mean mixture, =N Log,,N t,-t, N,
0-27=¢, 1 2640 2816 3232 2896 2896=N, 3462 —_
0-98 1 2068 1420 1754 1747 1747 3-242 31
2-00 1 165 240 325 243 243 2-386 62
353 3 357 351 354 118 2:072 43
6-17 5 59 40 495 99 ‘996 42
10-27 { 10 13 - } 0125  —-903 44
20 1 —
Mean ‘44

Exr. IT, 24. 7. °09. Medium=filtered culture (40 hrs. at 37°C.) B. typhosus+20 drops

(075 c.c.) I; acetic acid to 20 c.c. broth.
025=¢t, 1 o o0 o — — — More than
0-67 3 0 0 1 — — —_ 17-6*

* In Exp. II, disinfection after 0-25 minutes is more complete than after 1027 minutes
in Exp. I, i.e. disinfection rate is more than 40 times that of Exp. I, K=more than 17-6.

For the sake of comparison with the above experiments were made
to investigate the influence of reaction upon disinfection in distilled
water. In Tables XXV and XXVI are set forth the results of two
comparable sets of experiments, in which B. typhosus was heated at
54° C. in water to which were added various small amounts of acid?!
and alkali insufficient in themselves to exert a disinfectant action.
The smallest amounts which were employed were sufficient to render
the solutions acid or alkaline to the extent of ;iyzth N respectively.
In the case in which alkali was added, the solution was just alkaline
to phenol phthalein. These small amounts were not without effect

1 Death rate at 20° C. of B. typhosus suspended in water containing a concentration of

N
H,80,= 500 V88 found to beinsignificant. Disinfection by H,SO, may be assumed to have

a low temperature coefficient from analogy with other mineral disinfectants.
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upon the rate of disinfection by hot water, which in the case of alkali was
increased about 1°5 to 2°0 times, and in the case of acid 5 to 7 times.
On further addition of acid disinfection became too quick to study, whereas
the increase in rate on adding more alkali was comparatively slight.

It therefore follows that, in the preparation of vaccines, no conclusion
drawn from one set of experiments can be usefully applied to another
set, unless the composition and reaction of the medium, in which the
bacteria are heated, be kept strictly constant. This is almost impossible
for, in the case of broth cultures, the reaction of the broth will, within
small limits, depend upon the extent of the growth of organisms. It is
not possible to control this, and small differences arising therefrom will
have a very significant influence upon the rate of destruction by heat of
the organisms suspended in the medium.

TABLE XXV.

Effect of small amount of acid and alkali upon disinfection of
B. typhosus in distilled water at 54° C.
Exp. 4. 8.'09. Distilled water.

Amount Mean no. of
of bacteria present
Time, sample Numbers in 1 drop =
minutes taken, counted disinfection 1 log _lﬂ’
=t drops on plates mixture, =N Log,, N t,—ty, ~ N,
0-23=t, 1 3360 3700 3530=N, 3548 —
055 1 2260 2240 2660 2390 3-378 531
1-07 3 2780 2640 903 2-956 705
25 { 9 1400 } 198 2297 551
10 2370 1970
Mean ‘596
N ikaline (NaOH)*
7000 * :
0-25=t, 1 1220 1380 1300=N, 3114 —
0-90 1 245 183 160 196 2292 1-26
. i1 1 % 141 1149 109
2705 i3 49 39
Mean 1-17
N .
7000 acid (H,SO,).
29— 1 294 ; 253=N, 2-403 —
0-22=t ;10 2490 0
. 10 217 2 1711 1-233 403
0-51 20 296
092 %10 11 % 75 875 218
20 114
Mean 310

* Just alkaline to phenolphthalein.
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TABLE XXVI.

Effect of small amount of acid and alkali wpon disinfection of
B. typhosus in distilled water at 52° C.

Exe. I, 19. 8.°09. Distilled water.

" Amount Mean no. of
of bacteria present
Time, sample Numbers in 1 drop K=
minutes taken, counted disinfection 1 1
=t drops on plates mixture, =N Log,y N ta—ty
0-33=t, 1 7250 5420 5350 6010=N, 3:779 } 165
1-0 3 7850 5500 2225 3347
*
Exp. II 7000 alkaline (NaOH)*.
0-33=t, 2 6930 6230 7550 3450=N, 3538
15 11340 ‘95
10 % 805 2:906
20 15260 17660 i J
Exp. IIT N alkaline (NaOH).
X 3500
0:33=t, 5 3840 3780 3670 753=N, 2-877 }
16 1910 1-26
1- % 2 .
0 20 2020 109 2-037
Exe. IV N alkaline (NaOH).
*TT 1750 (
0:33=t, 10 6180 7860 8780 761=N, 2-881
10 %19 1780 111 2045 1-26
20 2540 !
Exe. V. 875 alkaline (NaOH).
16 9250
0:33=t % % 587=N, 2-769
° 120 11870 o 181
: 19 1600 % 785 1-895
10 20 1460
Exp. VI. Distilled water.
083=¢, 1 930 1020 1130 1030=N, 3:013
10 33 760 1280 393 2594 62
5 2280
Expe. VII 7000 acid (H,S0,).
0:33=t, 5 179 179 35'8=N, 1554 } at least 4-29
10 20 ?) 2 1] (?) 0005 (?) —1-301

* Just alkaline to phenolphthalein.
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(5) Analogy between the disinfection of bacteria by hot water and the
“heat coagulation” of proteins.

The disinfection of bacteria by heat in presence of water exhibits a
striking analogy with the behaviour of some proteins under similar condi-
tions, and leads to the inference that disinfection of bacteria by this
means is due to hydration of their constituent proteins.

The suggestion has already been made that the difference in
resistance to heat of vegetative and sporing forms is caused by the
difference in the readiness with which their respective proteins are
coagulated (Lewith, 1890, Hewlett, loc. cit. p. 20). Lewith (p. 349)
adduces some experimental support for the view that this difference is
to be attributed to a diminution in the water-content of spores. That
coagulation is not a pure temperature effect is clear from the comparative
security of both bacterial spores and proteins at high temperatures in
the absence of water.

The analogy takes a more definite shape when the foregoing experi-
ments with bacteria are compared with some recent work on the
alteration of proteins by hot water.

Famulener and Madsen (1908) found that the destruction of three
antigens when heated in the presence of water proceeded logarithmically
and that the process had a very high temperature coefficient, being
about 2 for a rise in temperature of 1°C. A similar set of results
have been obtained by Madsen and Streng (1909) for a series of
agglutinins.

The “heat coagulation of ” two pure crystallised proteins, haemoglobin
and egg-albumen, has recently been shown (Chick and Martin, 1910) to
be an orderly time-process, the rate of which varies with alteration of
temperature, reaction and other conditions. In the case of haemoglobin
coagulation takes place logarithmically, the coagulation rate at any
moment being proportional to the concentration of uncoagulated
protein. In the case of crystallised egg-albumen the reaction is of a
higher order, as the crystals consist of a series of salts of protein with
the acid used in their preparation, which salts coagulate at different rates.
The effect of temperature upon the rate of reaction was found to be
unusually great, the temperature coefficient in the case of haemoglobin
being 1'3 per degree centigrade, and, in the case of egg-albumen, 1'91
per degree centigrade.
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These observations on proteins show that it is improper to speak of
a protein as having a definite “ coagulation temperature ”; for the same
reason, it is no longer permissible to talk of the “ thermal death-point”
of any particular species of bacteria. It is in both cases the possession
of exceedingly high temperature coefficients which have rendered
observation of these supposed constants of any practical value. This
will be clear from some such example as the following. In the case ot
disinfection of B. typhosus with hot water, the temperature coefficient
has been determined to be 1'635 for 1° C. rise in temperature. From the
value of velocity constant in Table X, 0-111, it can be calculated that a
suspension of B. typhosus, containing 100,000 bacteria per c.c., would be
disinfected (the number reduced to less than 1, an average of 0'3, per c.c.)
in 48 minutes at 49°C. From the above value of the temperature co-
efficient it can be calculated that the disinfection would take about 2 hours
at 47°, 18 minutes at 51° C., 7 minutes at 53°, 2} minutes at 55” and 21
seconds at 59°. If, therefore, a suspension of B. typhosus in water were
gradually heated up, death would apparently take place suddenly at a
temperature near 55° C., and it is easy to understand how some such
temperature should come to be regarded as the “ thermal death-point”
for this species.

Another point of analogy between the “heat coagulation” of
proteins and disinfection of bacteria by hot water is that both processes
are similarly affected by the presence of minute quantities of acid, the
rate being greatly increased in each case.

The striking similarity between the effects of temperature (dry) on
the one hand, and hot water on the other indicate that disinfection by
the latter is due to the action of water (coagulation or alteration) upon
some one protein which is essential for the life of the bacterium, and
that the character of the reaction is conditioned by the chemical action
of water upon its constituent proteins.

(6) Summary of Section III.

1. (a) In the case of B.typhosus, B. coli commune, and B. pestis
disinfection with hot water also proceeds according to a logarithmic
law, the rate of disinfection at any moment being proportional to the
concentration of surviving bacteria.

(b) In the case of B. paratyphosus the rate of disinfection at the
beginning of the experiments was in excess of the theoretical, but in the
course of a few minutes slowed down to a consistent rate. The same
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phenomenon had previously been observed in disinfection of this species
with phenol and other disinfectants.

(¢) In the case of Staphylococcus there was the greatest variability
in the character of the disinfection process, which in some cases conformed
to the ideal type (anthrax spores or B. typhosus), in others to that of
B. paratyphosus, while in others again there was a period of “lag” at
the beginning of disinfection recalling disinfection of Staphylococcus
with phenol. Further complications were introduced by the lack of
constancy in resistance to disinfecting agents which is characteristic of
this species.

2. The effect of difference in temperature upon rate of disinfection
by hot water has been shown to be consistent throughout the small
range investigated and in accordance with the law of Arrhenius, or some
similar logarithmic law. The temperature coefficient has been deter-
mined in some cases, and in that of B. typhosus reaches the high figure
of 1'635 per 1° C,, or 136 per 10°C. In the case of B.coli commune and
Staphylococcus pyogenes aureus, the temperature coefficient was not
studied with the same completeness but, from the few observations
made, appears to be 1'28 and 1'4 respectively per degree centigrade.

The high temperature coefficient is comparable to that obtained for
precipitation of proteins with hot water, and supports the view that
disinfection of bacteria by this means is due to “heat coagulation” of
their constituent proteins.

3. The presence of minute quantities of acid or alkali too small to
produce any direct disinfectant action has a very marked influence upon
disinfection by hot water. In both cases the rate of disinfection is in-
creased, but in the case of acid to a much greater extent. Whereas,
in the case of B. typhosus, the addition to distilled water of sufficient
alkali to render the solution %) alkaline increased the mean rate of
disinfection at 54° C. about 1'5- to 2-fold, a similar addition of acid in-
creased it 5- to 7-fold. Further addition of alkali influenced the disin-
fection-rate comparatively little ; with further addition of acid it became
too rapid for study. This presents a close analogy with the influence of
small quantities of acid upon “heat coagulation ” of proteins.

4. The effect of reaction was of the same order when suspensions
of bacteria in broth were substituted for those in water. For this
reason it is impossible to obtain standard conditions in the manufacture
of vaccines, as owing to the growth of the bacteria it is impossible to
control the reaction of the broth.
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IV. DISINFECTANT ACTION OF SUNLIGHT AND DRYING.

Sunlight. The only suitable data upon this subject, which are

available,

are the results of some experiments by Clark and Gage (1903)

in which the disinfectant action of sunlight was quantitatively studied
upon B. typhosus and B. colt commune suspended in water. Most of the
experiments give irregular results from which no conclusion can be
drawn. InTable XXVII, however, are set forth the results of one experi-
ment with B. colv which gives consistent results and which well repays

analysis.

Fig, 2

The concentration of survivors, determined from time to time

Logarithms of concentration of survivors

. . . A
15 30 45 60
Time, minutes

1. Disinfection of B. coli commune by sunlight, results of Clark and
Gage (1903), Table XXVIL

TABLE XXVII,

Disinfectant action of sunlight upon B. coli commune.

(Clark and Gage, Thirty-fourth Annual Report, State Board of Health, Massachusetts, 1903.)

Time, Concentration of K=
minutes surviving bacteria, 1 lo Eo
=t numbers per c.c.=N Log,, C ty—ty 8 N,

0=t, 71400=N, 4-854 —_

15 12365 4:092 ‘051

30 3568 3:566 043

45 1065 3-027 041

60 295 2:470 040

Mean -044
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by means of plate cultures, is seen to vary logarithmically with time,
the value of the velocity constant, K, remains fairly constant in value,
and a straight line is obtained when logarithms of concentration of
survivors are plotted against time, see Fig. 21.

It is not justifiable to draw a definite conclusion from such scanty
data, but it is more than probable, judging from analogy, that the process
of disinfection by sunlight will be found to fall in line with that experi-
mentally established for other agents.

Drying. In a preliminary examination of the suitability of the
garnet' method for investigating the action of disinfectants upon
Staphylococcus, Paul and Prall (1907) allowed garnets, coated with a
thin dry film of this species, to remain at various temperatures and
counted the surviving bacteria from time to time. At the temperature
of lignid air the number of living bacteria remained roughly constant
for many weeks, at ordinary temperature the number slowly decreased.
Paul (1909) has recently analysed these data and shown that death—in
this instance by drying—occurs in accordance with a logarithmic law and
that the temperature coefficient for the process is about 2—3 for 10° C.
rise in temperature (see also Paul, Birstein and Reuss, 1910).

V. SuMMARY AND GENERAL CONCLUSIONS.

1. The additional experimental evidence brought forward in the
present paper lends further support to the view already put forward
(1908) that disinfection is an orderly time-process, which may be con-
sidered analogous with a chemical reaction, viz. a reaction between the
bacterium on the one hand, and the disinfectant on the other. In the
ideal case disinfection proceeds in accordance with some rule analogous
to the Mass Law, so that if the disinfectant is present in large excess,
disinfection rate at any moment is proportional to the concentration of

the bacteria (— dn = Kn, where n is the concentration of bacteria at

dt
the time ¢, and K is a constant depending on the temperature, concen-
tration of disinfectant, etec.).
2. The above view was originally put forward on the basis of
experiments with anthrax spores and B. paratyphosus, using a series of

1 Krénig and Paul (1897).
Journ. of Hyg. x 19
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different disinfectants (H. C. 1908). In the present paper the results
of further experiments with phenol are given in confirmation, viz. with
B. typhosus, B. colv commune and Staphylococcus pyogenes aureus.

3. Disinfection with phenol and other disinfectants has already
(loc. cit.) been shown to be influenced by temperature in accordance with
the Law of Arrhenius. The effect upon disinfection rate of alteration in
concentration of disinfectant (loc. cit. p. 117, and H. E. Watson, 1908) is
also in accord with the view expressed in 1.

4. Further confirmation has been obtained from the case of destruc-
tion of bacteria by hot water between the temperatures of 45°C. and
55° C. Investigations on this subject are described in the present paper,
and a very impressive parallel shown to exist between this case of dis-
infection and the heat coagulation of proteins. Both are consistent time-
processes proceeding in uncomplicated cases in accordance with the Mass
Law, influenced consistently by change of temperature in agreement
with the Law of Arrhenius, and both possessing an extraordinarily high
temperature coetficient. Both are similarly influenced by addition of
minute quantities of acid.

The organisms worked with were B. typhosus, B. coli commune, B. para-
typhosus, Staphylococcus pyogenes aureus and B. pestus.

5. Disinfection by drying (Paul, 1909) and, as far as can be judged
from very scanty data (Clark and Gage, 1903), by sunlight fall into line
with the other cases of disinfection which have been investigated.

The facts relating to the disinfection process have not been ques-
tioned, but some amount of criticism has been aroused by the
explanation which has been suggested on the following lines.

As regards disinfection (whether by “disinfectants,” hot water,
sunlight, drying) a culture of bacteria consists of a uniform population.
The fact that the individuals do not die all at once but at a rate pro-
portional to the concentration of the survivors at a given moment is
to be attributed to temporary and rhythmical changes in resistance
which, by analogy with chemical processes, may be supposed to be due
to temporary energy changes of the constituent proteins.

This simple law has been found to express the relation of mortality
to time for the germicidal action of chemical disinfectants and heat
upon anthrax spores and very closely, in my experiments, upon
B. typhosus, B. coli and Staphylococcus (phenol). The deviation or
departure from the law, most marked in the case of B. paratyphosus,
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has in my experience always been in one direction’, viz. the rate of
destruction falls more quickly than would be accounted for by the
change in concentration of survivors alone. Here too, I believe the rate
to be determined by concentration but to be complicated by the
individual bacteria possessing more or less permanent differences in
resistance.

Hewlett (loc. ¢it.) and Reichel (1909, p. 152) consider that the
progressive nature of disinfection can be more naturally explained by
supposing it to be due to differences in resistance occurring among the
various bacteria? If such were the case, disinfection would certainly be
gradual and not sudden, but the rate would only be proportional to the
concentration of survivors if the different resistances were allotted
according to one definite arrangement, an arrangement which could
only occur as a remote coincidence, and could hardly be universally
present. For, suppose that the disinfection of 100,000 bacteria is in
question, that the survivors vary logarithmically with time, as in
the ideal case of disinfection, and that for the sake of argument the

rate happens to be a reduction to ll()th in each minute,

10,000 = llO of 100,000, survive after 1 minute,

1000 = %) of 10,000, will survive after 2 minutes, and

100 = 1—16 of 1000, will survive after 3 minutes,
10 = llO of 100, will survive after 4 minutes, and so on.

If the cause of this is to be sought in the possession by the bacteria
of different individual resistances to disinfection we should have to
suppose that these resistances had the following distribution among
the 100,000 bacteria, viz. that

90,000 take 1 minute to kill,

9000 take 2 minutes to kill,

900 take 3 minutes to kill,
90 take 4 minutes to kill, and so on.

1 Casges in which departure from the logarithmic law is in the direction of preliminary
lag may be explained by supposing it to be due to a delay in the disinfectant getting to
work ; after such delay disinfection usually proceeds in the ideal way, disinfection being
proportional to the concentration of survivors (see disinfection of Staphylococcus, p. 244).

2 A similar view was expressed by Bellei (1904),

192
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Or, in the general case, if N bacteria die logarithmically, and if

.}_c of N survive 1 minute, then

1 . . .
— N will survive 2 minutes,
@

1 . . .
— N will survive 3 minutes, and so on,
&

and the resistance of the various individuals will be so distributed that
there are present

N—g, or N@—;—l), which are killed in 1 minute,
(121 v @D Ghich take 2 minutes to kill,
x? x 22

x® z? i

and no other distribution will satisfy the necessary condition.

A further argument can be brought against a theory of variable
permanent resistance, viz. that a chance characteristic is as a rule dis-
tributed in a different manner. Those individuals possessing it in
moderate amount are usually in the greatest number, while those
possessing it in greater or less degree are in the minority. In the case
of disinfection, those apparently possessing the least resistance are
invariably in the greatest number.

A more rational explanation is based upon the essential similarity
of the individual bacteria, for in no other way can the logarithmic
nature of disinfection in the ideal case be reasonably accounted for.
If one condition be necessary for death, or a multitude of small causes,
among a number of similar individuals, the result to be governed by
the law of probability, death will occur logarithmically (see Yule, 1910).
In order to obtain a mental picture of the disinfection process, one is led
to seek an analogy with other processes, which also occur logarithmically,
viz. chemical reactions of the first order such as the decomposition of
hydrogen arsenide, the inversion of sugar and, under certain conditions,
the “heat coagulation” of proteins. The closest possible analogy has
been shown to exist between the last instance and the destruction of
bacteria by hot water. In these cases an explanation has been sought
in temporary changes in the energy of the molecules, as a consequence
of which all molecules do not possess the same sensibility to attack at
the same moment. Some such property is therefore attributed to the

¥ <w"—1 _a—1 _w;l)’orN(w_l), which take 3 minutes to kill,
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molecules (or aggregates of molecules) of the constituent protein of the
bacteria, whereby at a given moment only a certain proportion is
liable to attack ; the amount being dependent upon the concentration
at the moment of unaltered protein, in other words the number of
bacteria® surviving in unit volume.

Disinfection, whether by disinfectants or by heat, may be considered
analogous to a chemical reaction the velocity of which is controlled by
external conditions such as temperature or concentration of bacteria
and disinfectant.

In conclusion, 1 gratefully acknowledge the great help I have
received from Dr C. J. Martin, F.R.S., whose valuable advice and
practical assistance have been at my disposal throughout this work.
I am also indebted to him for the design of the very convenient
apparatus, shown in Fig. 8, used for investigating disinfection by hot
water.
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