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SIMMARY

A estudy has been made of the adsorption of wagling
agents on solids in relatien $o She use of thasc apents
in firefighting, fietting agents are adsorbed to an
extent that differs widely for different solids and agents.
' The adsorption depends in a complex way on the concen-
’ tration of agent in solution, and in a way that may differ
: somewhat for different agents; adsorption appears to be
partly specific,

The adsorption isotherms have becn used to calculate
fne relative loss of agent in solutions of different agents
_ penctrating & porous solid. 'With supplementary data on
wetting power, this celculetion might be used to select the
. most economical agent for a given spplicetion. But the
" selection of a wetting ament in this way would be a lengthy
- procedure that would be Justified only if no other method
were available.
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GEITSILY, DERUDUCT ICK

I4 is o wottor of coowvon axseriones Shef whoen weier ia apdlicd to
a =olid it cither Tfors a ccatinuous il on the suxrfaca nnd mxenotrates
any interstices or it rests on the surface in the form of drops. - For
practical purposes it may be said that in the former case water wets the
s0lid, and in the latter case it does not do so. Occasionally a solid
which is not wetted on the first application of water may beoome wetted
after prolonged.contact with water.

Wetting agents are substances which, when added to water, have the
property of promoting the rapid wetting of solids which are either not
wetted (in the sense desoribed above) by water alene or are wetted only
after prolonged contact. They beleng to the general class of surface-
aotive agents, each member of which may possess wetting, detergent, and
emulsifying properties in varying degrees.

On the basis of their known properties, wetting agents have been

used in firefighting - notably in the United States. There have been
comparatively few controlled tests of fire extinction with water to which
wetting agents have been added (known as "wet water”). - The tests that
heve been carried out will be reviewed in detail elgewhare; here it may
be said that the available results suggest that there are 1ndeed situations
in firefighting where wettlng agents may be used with advanfage, but such
situations are less camén than wams originally supposed. Examples of
possible worthwhile uses of wet water are the extinction of deep-seated
fires in bales of fibrous materials such as cotton, or in granular
materials such as sawdust, and for preventing the spread of fire in under—
growth, In all these examples . the essential requirement is the efficient
wetting of solid material with a high specifio surface. : :

Further fire extinction tests are required before the value. of
wetting agents for firefighting can be more definitely assessed.
Preparatory to carrying out these tests a laboratory study has been made of
physico-chemical factors relating to the choice of a sultable type and
concentration of agent for use.

The characteristic property of wetting agents depends on the fact that
they are-strongly adsorbed from solution both at the surface of the solution
and’ at the wetted surface., Hence, one of the factors that will determine
the initial concentration of agent used will be the provision of an adequate
reserve in solution to make good the loss by adsorptlon as. the water
penetrates a mass of solid material; this requirement will be especially
important where the solid has a hlgh specific surface. - At the same time
there is not necessarily any direct relationship between the extent of
aduorptlon of a wetting agent and its efflclency as such.

MEasurements have been made of the adscrrtlon of & series of wetting
agents on a number of solid materials and are described in this report.
The second report of this series will deal with the measurement of the
relative wetting efficiency of wettlng agents.

MEASURIMINT OF THE ADSORPTION OF WETTING AGENTS FROM SOLUTION
INTRODUCTION

Published studies of the adsorption of swface-active agents from
solution have been concerned largely with adsorsiimm on texille #Zbres in
relation to detergency and dyeing, leviile and (wanson ~ pointed out
that the rate of depletion of wetting agert zolusics was an important
factor in the economics of the use of these agentu. I'he loss in weiting
power, of a wetting agent solution,that accompanies such depletion is
made evident in a quantitative manner by a correspond%ng increase in
ginking time of the cotton skein in the Draves test.



-2a

Harris ¢ has rcduced carlier adsorption méasurements to a common
bagis from which it appears that some cationic agents and anionic agents
(including soaps) may be adsorbed on cotton and certain other cellulosic
fibres in amounts which vary between 0,3 and 2. 0% of the dry weight of the
fitre., In neutral solution of an anionic agent, sodium secondary alkyl
sulphate, wool can adsorb roughlg three times as much of the agent as
c¢octlon under similar conditions

Recent determinations by Weatherburn and Bayley 6 or the adsorption
of surface-active agents on a number of natural and artificial fibres
showved that, of the agents $ested in neutral solution, cationic agents
werc adsorbed to the greatest extent and non-ionic agents were adsorbed
the least; anionic agents occupied an intermediate position. Wide
variations occurred in the amount of adsorption on different fibres, and
the arrangement of fibres in order of increasing -adsorption varied with
the type of agent and, occasionally, also between agents of a given type.

The adsorption of surface-active agents on fibres has been shovm to
depend on the hydrogen ion concentration of the sclution 5-9,  As the
reaction of the solution is changed from acid to alkaline the adsorption
of anionic agents decreascs and that of cationic agents increases.  The
adsorption of non-ionic agents has been found by Weatherburn and Bayley 6.
to change with pH in the same direction as for anionic agents on both
wool and cellulosic fibres, although Lc Compte and Creeley had previously

- found the adsorptlon of those agents on wool to be almost independent of
pH,

Aickin O found that adsorption of a sccondary alkyl sulphate on wool
required forty-cight hours to reach a statrionary value, in confrast t. =
“the time of less than thirty minutes required for the adsorption of this
agent on cotton fibre; a large proportion of the agent adsorbed on the
wool appcared to be held irreversibly. TFor the adsorption of an alkyl
benzene sulphonate on cotton cloth Meader and FriestO found that
equilibrium was reached in four hours and that the rates of desorption
ware comparable with the rates of adsorption, although 2 per cent of the
adsorbed agont remained at the cnd of forty~eight hours.

The adsorption isotherms that have been published 5,8,20,11 show that
the adsorption of surface active agents is by no means a simple function
of the concentration of agent in solution, and it undergoes changes which
appear to bé associated with the formatlon of micellesy in solutions above
certain concentrations. There is so far no general agrcement on the
detailed explanation of the adsorption behaviour.

Comparison of the adsorption of different agents on a given adsorbent
can best be made at equilibrium concentrations., In view of the complex
- variation of adsorption with concentration it is preferable that the
agents should be compared, initially at least, over the whole range of
concentrations at which they are likely to be used, In the following
work the adsorptlon has been determined as a function of concentration
for a serics of different wetting agents on a pure substance, cellulose.
A more limited comparison has then been made of the adsorptlon on a number
of materials likely to be involved in fires for the extinction of which
watting agents might be used with adventage.

EXPERIMENTAL

(1) Genewal

The wéttlng agents used were commerclal preparations and are
Listed in Table I according to the manufacturcrs' general description
of the principal surface-active constituent, and the adsorbents used are
Listed in Table II.
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TABIE I

Wetting agents

RELST tonlc Chemical type . State !
: ype |
| |
CA Anionic Sodium higher alkyl sulphates LAquecus solution
B " S??lum salt of hlghly sulphated)Aqueous solution i
oi : !
L0 - " Sodium salt of alkyl Solid §
' | naphthalene sulphonic acid i
D Cationic | Cetyl trimethylammonium Aqueous sclution l
! bromide i
H N : ‘
E  'iNon~ionic | Alkyl-phenyl substituted Lqueous, solution f
. ' polyethylcne glycol ! ‘ |

i i : . i

TABIE II

fidsorbents
Adsorbent _ Particle size Moisfure ' %
(sieve) = - | content |
. % . __1[
| Oallulese wadding B.P.C. 7.1 i
Powdered cork Passing 25 B,.S. 7.3 é
i film sawdust Passing 12 B.S. 10.9._ i

. Granulated peat (Scottish)| Passing 12 B.S. | 16.0 B

Adsorption isotherms for cellulose were obtained by shaking knovm
weights of cellvlose with knowm volumes of wetting agent solutions of
different initial concentrations, The amount of wetting agent adsorbed,
and which was in equilibrium with the final concentration in solutien,
was calculated from the difference between the initial and final concen-
trations of the wetting agents in solution as determined by the analytical
procedures given below. Preliminary tests showed that equilibrium vas
approached to within the limits of experimental error in one hour for
agents A and B, two hours for agents C and D, and three quarters of an
hour for agent E. The adsorbent was removed by filtration before deter-
mination of the final concentration of wetting agent in golution.  All
adsorption determinations were carried out at a temperature of 20 %,

Usually twq and sometimes four, determinations were made of the
adsorntion of agents 4, B, and C on the cellulose., Individual values
differed from the mean of a set by from one to ten per ccnt of the mean
in most cases, An excepticnally large varizbility occurred in the
deterninations of the adsorption of agent C at a conceniration of about
2 par cent; thus in the four determinations thal were made the extremes
differed from the mean by as much as 50 per cent, Only one determination
of adsorption was made for agent E at each concentration.



4

_ Two samples of cellulose were used. A comparison showed that the
adsorption of agent B on sample 2 was 11 per cent greater than the adsorpticn
of this agent on sample 1 at equal equilibrium concentrations, This
observation was interpreted as a corresponding difference in specific
surface of the two samples, Adsorption measurements of agents A and C
on sample 2 were accordingly multiplicd by the factor 0,91 for comparison
with the adsorption of agents B and E ag determined on sample 1.

The adsorption of the wetling agents on powdered cork, elm sawdust,
and granulated peat was comparad by determining, in duplicate, the
adsorption from solutions of ¢iwn initvlal concentration. The times
allowed for adsorption wawe (v 3ame as for each agent on cellulose.  This
practice was shown to be adeguaie for agent B o reach equilibrium on
cork but was subsequently f'ound to be inadequate for the establishment of
equilibrium of agent C on cork and on elm sawdust; an increase in the
adsorption time from two to three hours resulted in a 50 per cent increase
in the amount of agent C adsorbed on cork and a 20 per cent increasc on elm.

In order to provide a basis of comparison between our results and the
results obtained by others on the adsorption of wetting agents the surface-
tension/concentration relationship was determined for solutions of each
Wettlng agent in distilled water. Surface tensions were measured by the

ring method, using a du Nouy tensiometer, at a temperature of appr0x1mately
209C, :

(ii) Analytical procedures

Anionic agents. The concentration of the anionic wetting
agent was determined by the method of Barr, Oliver, and Stubbings 12 in
which the anionic agent is titrated against a cationic agent in the presence
of bromophenol blue over a layer of chloroform. The cationic agent used
was cetyl trimethylarmonium bromide at the recommended concentration of
approximately M/1000; the anionic agents were diluted by a known amount
to approximately 0.1 per zznt for titration.

It had been found previougly that an agueous extract of cork caused
an increase of about 2 per cent in the titre of agent B againzt the cationic
agent cetyl pyridinium bromidc. Therefore, all initial titrations in the
determination of adsorption Ly cork, clin sawdust, and peat wecre carried out
in the presence of aquecus extracts of these materials at the same nominal
concentration as in the final titrations. It was, however, evident from
the darker colour of the extract obtained in the presence of wettlng agent
that there was always, in practlce, some differcnce in either the amount
or nature of the extract prosent in the 1n1t1a1 and final tltratlons.

Solutions of agents 4 and B showed an ageing effect when fre%b1
prcnared. This effect is described in an appendix to this Hepoert.: For
prectical purposes it is the stable'aged'solutions that are of interzus.
Adsovption measurements were always carried out with solutions which nad
been fully aged (usually overnight), and calculations of adsorption
were based on the nominal initial concentration of the agents without
regerd to the ageing.

Cationic igents. Unknown concentrations of the cationic agent, cetyl

trimethylammonium bromide, were determined by back-titration against a
standard solution of the agent after adding a known excess of a solution
of the anionic agent C previously standerdised agdinst the catlonic azont.

Non-ionic agent, The concentration of the non~icnic apent E was dstermined
by a gravimetric mcthod, 3due 4o Oliver and Fraston 19 wihich depernds on the
fomation of an 1nsolub1u compound with phosphomolybdic ac1d in the presence
of barium chloride and hydrochloric acid.
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RESULTS AND DISCUSSION
(1)  Adsorption on cglluloss

The weight of weliinge agrnt wdgorbed per unit weight of cellulosec
is shown in Fig, 1 as o fonebion of $h2 equilibrium conceniration in
solution for the agents 4. 2,0 wnd @,  The adsorption is ‘expressed as
milligrams of fthe technicr p“r~a*a,1oq of an agent adscrbed per gram of
&ry cellulose (dried a%t LOS%;, and the concentrstion in solution is
cxpressed as percentage by meipht S tha preparaticn im golution.

The ranges of concentrawion in whinh the surfzce tensicn o
solnfions of the agonts rapidly buecame independent of the concentration
axe shown in Fig, 1. It is generally accepted that these conceniration
mogad are those in which the formation of micelles, or agcrogatas of
molecules of surface-active agents, becomes appreciable in the soivtion;
for a purc substance this concentration range is usually narrcw and it
is possible to identify a "eritical micelle concentration”’

Tt will be scen (Pig, 1) that for the anionic agents £ and C, and the
nov~ionde agent B, the adsorption increases to a maximum, ds the coneon-
traiion ls increased from low values, and then decreascs., In ccmmaon
vith the adsorption behaviour of other agents for which isothertis have
been published 5, 6, 10, 11 the increase of adsorption with concentra-
tica occurs mainly at concentrations below the range frr micelle
formation, More variable behaviour is in general apparent at higher
concentrations, - Thus, although adsorption maxima appear in the isotherms
for agents 4, C, and E in Fig. 1, Weatherburn and Bayley 8 found that the
adsorption of & nen-ionic agent on cotlon, and an anionic agent on cotton
aend acetate rayon, increased to stationary valucs that were independent
of the concentration in soluticn., Agein, in the adsorpiion of an aliyl
benzene sulphonate on eaiton alodn studied by Meader and Frios 10, the
emount adsorbed increazas wo = wavinum then, as the concentration in
solufion is increaged furither, fre adsorption falls to a minismm followed
by a sluw increase; a suitilar bohaviour is evident in the adsorpiicn of &
secondary. alkyl sulplatc cr wool 9,

The isctherm for the enionic agent B (Fig, 1) shows on almos% linear
inerease of adsgorption Tor a range of concentration in solution of
appeoximetely 0.1 ~ 5,0 per cent, while micelle formation for this agent
bagine in the concentration range 0.1 to 0.2 pér cent; the behaviour of
thiy agent is quite different from that of all others so far reporied.

(i) Alicorption on other solids

¥ne recults of measurements of the adsorptlon of agenta 4L,

R, G,
and. & on powdered cork, elm sawdust, and granulated peat, and Gt ths
:

Cadsorpiion of agent D on cellulose, are given in Table IIT for solitions

of dif’erent initial concentrations., Except for the adsorpiicn ci’ agend
B oa cork the values given in the Table do not necessarily represent
ecuiiibrium conditions, Each value is the mean of two deterudinationz.
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Adsorption of wetting agents from solution
by solids., (Milligrams of agent per gram of dry solid)

ST i z
) Solid Cellulose | Powdzred nlm Granulatec !
(Sample 2) conk sawdust Paat {
Agent Initizal Time j
concentration lhours
b
i |
P 0.8 ¥/v 1 - 50 30 75
. ! - (0.62) (0.7% (0.58) |
1.3 " L1 - 58 40 75 i
- (1.10) (1.16) (1,08) !
) |
R 0.8 V/v 1 - 26 32 48 i
- - (0.71) (0.69) (0.65) ;
. 1.3 " 1 - 51 55 72 5
C 0.8 “/w 2 - 28 35 55 i
- (0.70) (0.68) (0.62) |
1,3 " 2 - 39 54 50 4
- (1.15) (1.11) (1.20) |
|
D 0.8 /v 2 44 - 130 - !
(0060) - (0052) - l
1.3 " 2 45 ! 98 - - |
(1.12) (0.94) - - E'
1,5 " 2 - 103 127 | 183 |
- (1.12) (1.04)  (0.89) ;
1.8 " | 2 - { - - 202 ;
f - i - - (1.15) !

! Figures in brackets are the final concentrations of the solutions §

——

T

-

will be scen from Table III that after one hour, with a solution
of given initial concentration, the adsorption of agent 4 on the elm
savlust ls ioss than that of B; but, under the same conditions, the
adzonntien of A on both the cork and peat is greater than that of B.
bi~, Tor different agents, the adsorbing solids are arranged in differcn{
orcev of increasing amounts adsorbed in a fixed time: this order is elm,
corl, peat for the adsorption of agent 4, and cork, elm, peat, for the
accorption of agents B and C, These results indicate that the amount of
adsorption for a given agent/solid pair is governed, at least partly, by
an effect that is specific for cach pair. The same observation has been
rade by Weatherbum and Bayley © for certain textile fibres.

(iil) Application of results

It has been pointed out in the General Introduction that, as a
solution of a wetting agent penetratcs o porous solid the cancentration
of the agent in the advancing front of the solution will be progressively
decreased by adsorption of the agent on the solid. The isotherms in
Fig, 1 can be used to estimate the relative decrease in concentration as
solutions of the agents A, B, C and E penetrate a mass of cellulose wadding.

«



’?“

For this purpose it is convenient to consider a solution of wetting
gent penctrating a plane bed of cellulose, packed at a uniform deusity,
in a direction normal to the surface and at a uniform rate., It is
assumed that the rate of penetration is sufficiently slow for adsorption
equilibrium to exist, to a close degree of approximation, throughout the
bad where solid and solution are in contact, The progress of the
adsorption can then be calculated approximately by a stepwise mecthod.
The weight of cellulose required to reduce the equilibrium concentration,
by a given small amount, in a thin layer of thc advancing front of the
solution, of unit volume, is calculated for zach of a chosen series of
successive small reductions of concentration. Then the total weight of
cellulose, M, required to reduce the concentration of agent from a given
initial value, Cg, to a value Cyp at the rth step is obtained from the
expression .

Crn-— Cn

Xp

Y

M = 4 N =1, 2.........7

...t\’} 5

where On

*n

final concentration at nth step

i}

weight of agerit adsorbed per unit weight of cellulose in
. equilibrium with solution of concentration Cp

A

i

constant.
Tre appropriate values for X, are obtained from the igothexrms in Fig, 1.

_The packing density has becn assumed to bs uniform. Hence the
weight of cellulose required to reduce the concentration by cach of the
chosen steps, in the given element of the advancing front, will be
cneountered in penctrating a distance proportional to the weight required
for cach step. Then the concentration will be reduced from Cp to Cp in
2 distance proportional to M, The error arising in this method of
calculation depends directly on the size of the concentration "steps" used.

In the above way the concentration of agent has been calculated as a
function of the distance penctrated for cach agent, and it is showm
graphically in Fig, 2. The initial concentration for each has been faken
as 1,0 per cent by weight and the concentration reduction has been madc-:
in equal steps of 0.1 per cent. The distance penetrated. is given in
arbitrary units which depend on the constant A and on' the packing densisy
of the ocellulose, neither of which need be specified here since i=lative
penetrations only are required.

Comparing the distances penetratcd by the different agents, in which
the concentration in the advancing front is reduced to, say, C.5 per cent
it will be secn that this reduction occurs for agent B in abcui one
quarter of the distance in which it occurs for agents C and E.

Lgents C and E are thus apparently more economical than' B for wetting a
mass of cellulose, The true extent of this economy, howover, cannoi be
determined without a knowledge of the way in which the wetting power of
the agents, as measured by some appropriate test, is related to the
concentration, When this relationship is known the agents ‘can be
compared in terms of the initial concentration of each for which the
wetting power will be reduced o a given common value in a given depth

of penetration. These initial concentrations can be determined from the
curves in Fig. 2 provided the standard 'depth is chosen so that the initial
concentrations do not exoeed 1 per cent; otherwise a further set of curves
will be required. The ocost of equally effective solutions of the agents.
can then be worked out from current prices. '

lLdsorption equilibrium may not, in practice, be approached clossly
in the advanoing front of a solution penctrating a porous solid., If
this is so; and if the rate of adsorption of wetting agents differ
widely, the method suggested above for the comparison of wetting agents
may be unyeliable.
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Cellulose wadding is easily wetted by water and the use of wetting
agenis on it would be superfluous. The above discussion, however, ic
intended to show how adsorption data might be used for comparative
purposes in cases where wetting agents are required.

From the experimental study it appears that the isctherms tror the
adsorntion of wetting agents on solids do not show mufficient similarity
W permit any simplification in either their getermination or their use in
cslculation of adsorpiion losses, and, mowcovur, adsorption appears to be
partly specific. Therefore, the seleciion of wvttlnv agents on the basis
of adsorption data with supplementary wetiing data, as outlined above would
be a lengthy procedure; it would only be Justified if no other method were
available, I% is, in fact, possible in many casos to make a satisfactory
selection of agents by other and more simple methods of an empirical
nature, One suoh method will be described in a later report.

CONCLUSIONS

1. TWetting agents are adsorbed on solids in amounts that vary widely
with the agent and its concentration.

2. The adsorption isotherms for wetting agents are not sufficiently
similar to permit any simplifying generalisation and the adsorption of
weiting agents on solids likely to be encountered in firefighting appears
to be partly specific.

3. The adsorption isotherms ocan be used to estimate the relative loss
of agent as solutions of different agents penetrate a porous solid.

4. Adsorption data, if supplemented by appropriate wettlng data, might
be applied to the selection of an economical agent for a given application;
but the selection of agents by such a method would be a lengthy procedure
tnat would be Justified only if no other method were available,
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APFENDIX

AGEING CF SOLUTIONS OF CERTAIN ANIONIC AGENTS

Zolutions of agents A and B, and another of the same type as A but
wiaoh Wag not used in the adsorption measurements, underwent a change on
rhanding, Thelr titres against the standard solution of cationic agent
d=rreassd with inereasing age of the solution until, in times which varied
between a guarter of an hour and four hours depending on the agent and iis
infitial concentration, values were reached which were stable apparentiy
luderinively,  The actual decrcass, or ageing, okuerved Gepenrded on fhe
snacd with which the initial titre could be detumined afier preparaticn
of the solution; the largest decrease was 2T por cent; which was observed
for 2.2 per cent solutions of the two agents of Uyne L.

The ageing was consgistent with the hypotheosis that the agents of the
above types were each mixtures of anionic spucies, one or more compenents
of which decomposed rapidly in dilute solutlicn wivile -le vemeining cuarcnents
were staple, Thus the decrcasc of titre cbserved on: ageing, becoome precser
as the initial concentration of the solution was increased fram 0.0H per cent
to C.2 per cent due, on thc above kypothesgis, to the increasing amount of
undecomposed compononts, present at the time of titration. Ile ageing
observed for a 2 per cent solution was small, about 5 per cen* only; *%his
wag becsuse solutions of concentration greater than 0,2 per cent were
alwavs diluted to 0,1 per cent before submitting to the titration procedurs,
and the ameing observed with 0,1 per cent solution was cnly aboult & per cent,
il.e, desonpgnstition was almost complete in the first few minutzs oeforu
titratiion, Tnuther investigation would be required to confiwm the Jetailc
of ihn clifceet and the correctness of the suggested cxplanation.
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DEPTH OF PENETRATION -— arbitrary units
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CELLULOSE WADDING

DEPLETION Of WETTING AGENT SOLUTIONS PENETRATING A BED OF

FIG.2.





