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This investigation was undertaken because of conflicting reports regarding
the effectiveness of surface netive agent solutions used as sprays in dust-abatement
work, and because of the need for means of relating the activity of various agents
in the form of bulk solutions with their netivity in the form of sprays.

That dust wetting results determined from bulk solution tests should not be
expected to hold in the case of spray droplets was brought out through applieation
of the Gibbs excess concept, after the applicability of this concept to dilute surface
active agent solutions had first been verified. Experimental results from a simple
dust wetting technique with bulk solution and the surface tension—concentration
curve of the agent show how the concentration of agent required to produce dust
waetsing droplets of varying size can be estimated.

The requisite concentration, hence cost of agent, increases rapidly with de-
creasing spray droplet size, and may be 10- to 100-fold greater than for dust wetting

by bulk solutions.

OR many years surface active agents have been used in

water sprays for the abatement of dust. The prineipal bene-
fit claimed for their use has been that they enable water to wei
the dust more readily—a factor believed to be ndvantageous in
knocking the dust out of the air more quickly. The increased
wetting power of a surface active agent—water solution ia based
not only on the reduction of surface iension of the solution
but alse upon the reduction of the interfacisl tension between
the solid and liquid, Despite the theorstical reasons why utili-
zotion of o surface notive ngent (commonly eslled wetting agent)
should improve dust sbatement, conflieting reports on their merits
have come o the attention of the authors, particularly with
reference to dust abatement in cosl mines and at coal cleaning
plants.

A considerable amount of work has been done on the use of
wetting agents for dust abhatement, much of which has been re-
viewed in recent publications by the U. 8. Bureau of Mines
{11, 13, 21, 24). A recent report by Mermitts and Reay (21)
denls with the use of wetting agent sprays for abatement of dust
during continuous miner operations. They report that up to
909, of the dust present when water alone is used is knocked out
of the air when slightly higher than 0.01% wetting agent solutions
are employed,

The authors thoroughly investigated a wide variety of promis-
ing surface notive agents in order to determine the most economi-
cal ones in terms of efficiency and cost. The relative merits
of these sgents were determined by gently dropping coal particles,
rapging in equivalent dismeter from 95 to 100 microns, individu-

'y, onto the surface of solutions of wetting agents of various
woncentrations contained in 250-ml. beakers.

Preliminary tests were made with 18 size fractions separated
from a bituminous coal snmple. These [ractions had equivalent

diameters ranging progressively from 25 to 44 microng up to 840
to 1000 microns. Resulis indieated that, for the procedurs em-
ployed, the rate of disnppearanee was not 4 measurable function
of particle size, Ior the standard test, therefore, the procedure
adopted consisted of dropping coal particles, individually, approx-
imadely 1 cm. onto the surfaces of progressively more dilute solu-
tions until & dilution was found at which the particles were not
instantaneously wetted. Tor Tergitol this conecentration was
found to lie between 0.0030 and 0.0025 weight %.

The time of wetting was measured as the time for the particles
to disappear from the surface of the solution. This test was
sdapted from the widely used Draves test (5, 6 y for the wetting
of fabrics. If the time of wetéing of the conl particles was vir-
tuslly instantaneous, the agent was clogsified as aatisfactory.

The various agents were tested in distilled water and in the
presence of acids, bases, and salts apt to be found in typical mine
waters, Although the data herein reported are for distilled water
solutions, the partieular agent used was found equally effective
in the typical mine water solutions.

In this way o wide variety of surface active agents was eveiuated
on 1 relative basis, even though specific data could not be secured
regarding the effective concentrations necessary when the agents

were used in sprays.
SURFACE ACTIVE AGENT PHENOMENA

To comprehend more clearly the possible implications of
Isboratory wetting resulis and to permit use of such data in speci-
fic apray application problems, & study was made of the phenom-
enn of surface active agent solutions and the physical changes
involved in going from large volume solutions to amall
droplets. From this study, it would appear possible to use wet-
$ing results obtained with large volume, dilute or bulk solutions,

- to predict wetting with spray droplets, if it is realized that in spray

droplets the ratio of the surface area to volume is much grester
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then for bulk solations. For example, the average bulk solution
used in Jaboratory tests had a volume of 200 ml. and a total liquid-
glass plus liquid-air interface of roughly 20 sq. em. or a surface to
volume ratio of I to 10. On the other hand, for a spherical drop~
let the ratio of surface to volume is 6/d, or for droplets 20 microns
{2 X 10677 ¢m.) in dismeter the ratio ia 3000 to 1. This means
that for 20-micron droplets, & size commonly found in liquid
.sprays, the surface to volume ratio is about 30,000 times as great
as for bulk solutions. Consequently, it is necessary to toke into
nccount surface phenomena that will alter the wetting behavior
of similar initial coneentrations of solutions in droplets compared
to bulk volumes.

Giens Excmas.  An importent fool that can be used to study
the surface phase of wetting agent solutions is the thermodynamic
nrinciple postulnted by J. Willard Gibbs that in any surface active
agent solution the wetting agent diffuses to the surface to produce
a film that contains a large concentration excess of the active
agent over that which exists in the main bulk solution. Using
rigorous thermodynamics, Gibbs then derived a workable equa-
tion [a derivation of which is available in sny standard text (8) on
chemical thermodynsamies] to enable one to calenlate this excess,
This equation can be written in the form

I = —{1/ET) (dv/dlna) (4))]
where

I' = (ibbs excess in moles of surface active agent per unit of
surface area above concentration that would nermally be
in the surface film owing to bulk concentration, moles
per sguare centimeter

= gng constant, 8.31 X 107 ergs per (° K.} (gram mole)

= tempersture of the solution, * I,

= gurface tension of the solution, dynes per centimeter

= bulk activity of the surface active agent, dimensionless

EE 1)

For very dilute solutions such as herein discussed the activity
of the solute can be safely replaced by its concentration. There-
fore, it may be seen thatb if the surface tension versus the log
of the concentration of the solution is plotted, the Gibbs excess
con be determined at any concentration of active agent solution
from the slope of the plot at that point.

Narure or Surracs From or WeETriNg Acent SoLution,
Before using the Gibbs excess to predict from laboratory data on
bullc solutions the ability of spray droplets to wet coal, it is of
interest to examine the nature of the surface film of wetting agent
solutions mare thoroughly.

From studies on the films of inseluble substances upon water,
Langmuir ({4-18) concluded that films of high molecular weight
acids and alcohnls are unimolecular, Furthermore, he coneluded
that the molecules in the film were definitely oriented in a ver-
tical plane with the nonpolar part of the molecule forming the
apparent surface rod the polar part of the molecule attracted to
the bulk water layer. These conclusions suggest that the Gibbs
layer or film is but one molecule thick, and it is evidently im-
portant to consider how far one is justified in making the assump-
tion that in all cases, both for pure liquids and for soiutions,
the Gibbs layer may be considered s similar in character—that is,
unimolecular in thickness and congisting of oriented or partially
oriented molecules.

In the case of insoluble oil films, the experimental verification
is comparatively simple. When a known weight of oil is placed
on a trough of absolutely elean, grease-free water, the oil spreads
out quickly to form an extremely thin layer; and when the flm
has completely spread, its ares can be determined. Thereupon,
the average cross section of the surface active molecule and the
thickness of the film can be caleulated, assuming that the surface
8lm has a thickness of one molecule of sgent, orfented vertically
in the surface. The length and cross section of the molecules
calculated in this way are in excellent sgreement with the values

obtained from melecular bond distance caleulstions, thereby

indicating the existence of the assumed unimolecular layer.
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The explanation of this vertical alignment of inseluble mole-
cules at the interface has been offered by Harking (10) and Lang-
muir (14} among others. Higher aleohols and fatty acids have
a polar and nonpolar portion. There i8 a strong dipole attrar
tion between the polar portion of the molecule and the wat.
molecule but little attraction between the hydrocarbon portion
of the molecule and water. As a consequence, in the surface
the polar end of the molecule is drawn into the water and the
nonpelar portion is not.  The result is that the molecules become
oriented with their “heads’ attached to the water and their
“tails” aligned vertically in the strface.

In the case of soluble surface active agents it is not possible to
determine the orientation and thickness of the surface layer di-
rectly. However, an indirect approseh is possible by com-
paring the amount of agent that would theoretically be pres-
ent in & unimolecular veriically oriented layer, with the amount
caleulated to be present in the actusl layer from Gibbs excess
dain. If the two values agree, the conclusion may be accepted
that with the soluble surface active agent in question, the mole-
cules are present in an oriented unimolecular layer.

Tergitol dispersant NPG (hereinnafter designated as Tergitol),
manufactired by Union Carbide & Carbon Corp., is used fo
illustrate the theory because considersble data are available on
this apent. The same reasoning can be applied to any ofher
agent, however, provided the necessary data are svailable.

THEORETICAL QUANTITY OF AGENT I8 OmizNTED UniMoiEc-
vLar LavEr.  According to the manufacturer, Tergitol is a non-
ionic surfactant and a blend of several members of a homologous
series, having the formula:

H H
C—C

7

AN

&

HyyCy — C—0—(C-H:0):H

™~

C=0
H H

where z in the average case is 10 and the oxide is approximately
an equal mixture of ethylene (n = 2) and propylene (n = 3).
The density is 1.052 at 20° C. The average molecular weight
of the polymer is 715. The Cy portion of the molecule is non-
polar—that is, repelled by water—and the oxide part of the
molecule is water-“loving.”’ By use of molecular bond distances
and angles (8, 25), it is possible to caleulate the approximate
average length of the Tergitol molecule. Since the polymer ja a
mixture of the ethylene and propylene oxide types, the average
length can be taken approximately ss the mean between the two
molecular lengths or 55 A. (55 X 107% ¢m.). From the length,
molecular weight, and denaity, the effective cross-sectional ares
occupied by one molecule of Tergitol oriented vertically in the
surface can be shown to be 20.6 sq. A, (20.6 X 107 sq. cm.).

This ares s in striking agreement with the effective displace-
ment surfnce area (20,5 aq. A.) found by numerous investigators.
(2-3, 18, 32, 23) for insoluble aliphatic single chained compounds
on water. In the case of insoluble liquids, the displacement
area of 20.5 sq. A. is in excellent agreement with values obtained
independently by x-ray analysis and is claimed as an indication of
cloge packing in the surface layer.

Sinee there are 6.02 X 10% molecules per gram mole, the gram
moles per square centimeter of surface should be 8.3 X 101 at
maximum paeking for pure Tergitol:

CALCULATED Quantiry oF AceNT vrom Giens Excpss.
The surfuce tension of Tergitol was determined over a wide range
of concenirations using the standard Cenco precision du Noily
tensiometer. The solutions were held at 20° £ 0.2° C, five
simuitaneous readings made at each concentration, and the re
suits averaged, In all cases, the five readings were copsister
within themselves to =0.2 dyne per em. Before the solutions
were read, they were stirred for 0.5 hour to ensure thorough
mixing and then allowed to atand for an additional 0.5 hour
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before reading. As s check on the sufficiency of the 0.5-hour
sitting time several soliutions were aliowed to stand overnight and
then reread. The results indicated no trend over those that had
" *god for 0.5 hour and the readings could be duplicated within

:0.2 dyne per em. In this case the range of concentration close
to the minimum required to wet corl satisfactorily in bulk solu-
tions was of particular interest.
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per moleculer layer of thickness. Therefore, the 5.3 X 10" gram
mole per sq. em, (Figure 2) maximum Gibbs excess represenis
essentislly the maximum moles of Tergitol per square centimeter
presend in the surface layer.

ComparisoNn oF TumoreTican ann Cancuratep Vanues,
For maxirnum pecking and vertical orientation of a unimolecular
Jayer, 8.3 X 107 gram mole per sq. em, could be present whereas

Tergital MPG-101, Mole Per Cent
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Figure 1. Surfaece Tension vs. Bulk Concentration

Dilute Tergitol solutions; temperature, 20° C.

Over this concentration range, data were obtained for small
coneentration changes and the results are shown as n surface
tension—concentration plot in Figure 1, together with the mini-
mum coal wetting concentration for bulk solutions. Irom these
data, the Gibba excess has been calculated and is shown in Figure
2 for the same concentration range, This plot shows the increase
of the Gibbs exeess with incresse in concentration of surfnce
active agent up to a maximum value and then the rapid decresse
as the variation of surface tension with increasing concentration
becomes extremely smell. The very sharp decrease in the Gibha
excess for increasing concentrations past the maximum point is
discussed in & later section.

The surface tension-concentration curve indicates the con-
giderable effect a very small amount of the agent has on the sur-
face tension of water. Pure water at 20° C, has a swrface tension
of 72.8 dynes per ¢m., yet only 0.005 weight % of the agent added
to water lowers the surface tension of the resultant solution to
about 34 dynes per ecm.~—the surface tension of pure Tergitol.
The immediate impHeation iz that this very small amount of
initial Tergitol is concentrating at the surfnce as predicted by
the Gibbs excess.

It is logical to believe that the surface tension of the solutiona
should decrease as long as the Tergitol concentration in the surface
increases because the pure agent has s much lower surface tension
than water. If this is true, it would indicate that the Tergitol
conceniration in the surface layer at the maximum Gibbs excess
nonecentration of 9.9 X 105 mole % is essentially 10¢ mole 9
*¥. only o small decrease in surface tension cccurs at higher con-

* ~Gentrations. It can also be shown that at the maximum Gibbs

excess, the contribution of the bulk concentration to the surface
fnyer iz negligible—about 2.5 X 10— gram mole per sq. cm.

the maximum Gibbs excess caleulations indicate 5.3 X 10~
gram mole. This {s remarkably close agreement when it is
considered that a slight orientation away from the vertical would
decrease the theoretical amount significantly. It also seems
highly probsble that some water molecules wonid remain be-
tween adjscent Tergitol molecules, at least at the hydrophilic
end. Any water remaining in the surface layer would, of course,
prevent maximum packing. That the surface layer is esgentially
unimolecular seems highly probable in view of the agreement
between the Gibbs excess and maximum packing calculations,
If the 5.3 X 10~ gram mele in the Gibbs excess layer were
distributed throughout more than one molecular layer of depth,
the concentration would be proportienally less and the deviation
from a pure Tergitol layer proportionally grester in which
case one would hardiy expect the surface iension of the solution
to be equal to that of pure Tergitol.

ApranreNT ANoMaLY PrEpICTED BY GIBBs Excess. Reference
to Figure 2 shows that afier the maximum Gibbs excess ia reached,
it then dropas very rapidly fowsrd zerc over the concentration
range, 9.9 X 10-¢to0 1.5 X 10-tmole % Tergitol. Since the Gibba
excess contributes almost exelusively to the surface concentration

-n this region, this implies a very sharp decrease in calculated
surface concenbration. If surface tension is & function of surface
concentration, as is certainly the case, then surface tension shouid
increase in this region. However, this is not the case~-the
surface tension sciually decreases approximately 1 dyne per em,
over this concenbration rangs. It would thus appear that for
soluble surface active agents, the Gibbs equation holds only up
to that bulk concentration which results in a surface layer com-
posed essentially of the surface active agent. Other anomalies
past the maximum value of Gibbs excess have been reperted (12),
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CONCENTRATION OF WETTING AGENT~-WATER SOLUTIONS FOR
SPRAYING

Use of the previously esleulated Gibbs excess is an essential
factor invelved in the caloculation of the wetting agent concentra-
tion required for a given size spray droplet to wet coal. Despite
the spparent anomsly ab concentrations beyond the minimum
necessary to wet eoal, the theory is essentinl o clarification of the
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Figure 2, Gibbs Excess vs. Bulk Concentration
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procedure invelved in the transfer of wetting phenomena from
bulk solutions to droplets. Therefore, it i used in the following
caleulation in the belief that it is the best approach to
the problem currently available, but may have to be
modified at some future date if the conclusions are
inconsistent with new experimental or theoretical evi-
dence.

In the present state of knowledge regarding dust
abatement with asprays, it iz impossible to stete with
certainty the optimum size droplet desired to wet a
given dust. Droplet size depends upon the spray noz-
zle used, the pressure ot the nozzle (27), the presence
of surface active ppgents, and the condition of the
air. Tor instanee, the larger the opening in the noz-
zle, other factors being equal, the larger the mean drop-
let’ size for sny given flow rate and hence the less im-
portant the small droplets become, since their number
decreases. Likewise, the wet and dry bulb tempera-
ture determines whether & droplet of & certain size
will evaporate and if so how quickly (£0). Neverthe-
less, on a count basis a mean droplet size of about 20
microns is typieal of the sprays used in most dust abate-
ment work.

From the curve for the surface tension versus concen-
tretion of wetting agent, the amount of agent adsorbed
ab the surfrce can be ealoulated using the Gibbs adsorp-
tion equation. Also, for any sized droplet, the resultant
interior concentration, after it has been depleted to supply
the Gibba excess, can be ealeulated if the initial bulk con-
centration of the droplat at the time of its formation is
known. Experiments have shown for Tergitol that, if
the bulls concentration is less than 0.0028 weight %, the
resultant solution will not wet coal satisfactorily., This
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value was obtained from tests in containers holding at least 200 ml.
of solution where the adsorption of Tergitol into the surface did
not significantly lower the starting solution concentration. How-
ever, in amall droplets where the surface volume is such n substar
tial part of the bulk, adsorption to the surface depletes the agen.
eoncentration in the interior of the droplet. In the case of drop-
lets where an apprecisble difference exista between the starting
liquid concentration from which they are formed and the
resultant bulk eoncentration, it is necessary to be able to
caleulate the final bull droplet concentration. This final
concentration will be a funetion of the dropiet size formed
and will determine the final concentration of the active
agent in the surface film, which in turn determines the
surface tension of the drop and its ability to wet coal
In the following caleulation, any effect of the surface cur-
vature of the droplet on the Gibba excess is assumed
to be negligible. Also, the adjustment of the surface film
to the Gibbs excesa concentration after drop formation
is considerad to be practically instantaneous. It is re-
alized that in large bulk solutions this is not true (7, £6}),
but in extremely small droplets with short diffusing dis-
tances the Gibbs equilibrium condition is thought to be
veary rapid.
Based on these assumptions and using Tergitol 23 the
example, the minimum droplet size that will wet coal may
be caleulated as e function of initial concentration as follows:

grams adsorbed in surface

Cr=0Ci— grams water in droplet

(2)

whers

C; = final wetting agent concentration in interior of the
droplet in weight fraction

C; = initial Tergitol bulk covcentration immediately ups

drop formation in weight fraction

of

Since the grama of water substantislly equal the volume

5

Figure 3.
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water in milliliters, the equation may be written

¢, = ¢ — Lrams adaorf;zsd in purface )

I 8

i

where d = drop diameter in centimeters

The grams of Tergitol adsorbed in the surface at C; equals
(I'y)} (wd?®} under equilibrium conditions, T'; now has the units

of grams of Tergitol per square centimeter of surface. Therefore
. T rrd?
Cr=0C WL {4)
or converting the diameter to microns and rearranging terms
5 1T
Cc = ¢ S0 X0 )
m

Tor Tergitol, C; must not fall below 0.000028 weight fraction
if conl iz to be wet satisfactorily. Similarly, I'y must not fall
below ite equilibrivm value at Cr of 2.5 X 107 grams of Tergitol
per sq. em. of surface (Figure 2) if the coal dust is to be wet,
Therefore, assuming instentaneous adjustment to the Gibbs
excess concentration and substituting the value of I'; in Equation
5, it is seen that

1.5 X 102

Ci = 2.8 X 105 - an

{6)
Based upon this equstion, the initial coneentrations of Tergitol
for various minimurm size droplets bave been caleulated and are
shown in Figure 3.

The initial Tergitol solution eoncentration required to wet coal
for spray droplets under 100 microns iz mueh greater than that
for satisfactory wetting of coal in bullk sclution. Since most
spray nozzles now in use give, on & count basis, a mean diameter of

ray droplets around 20 microns, the necessity of starting with a
.clatively high concentration of wetting agent solution is impor-
tant if the dust is to be wetted in suspension. The large increase
in eoncentration required has a profound effect on the cost of
uging wetting agents in spraying and, furthermore, prebably
explaing the inconsistent dust abatement results obtained by
different workers using surface active agent spray solutions,

ACTION OF WETTING AGENTS IN DUST ABATEMENT

The mechanism by which sprays effect s reduction in dust
concentration is still cpen to considerable guestion. The follow-
ing mechanisma have been suggested:

1. Mechanical impingement of spray droplet and duss par-
ticle with envelopment of the dust particle
Supersaturation of the a.tmustﬁ;hera around the dust particle
with condensation of the vapor on the dust particle which nets as
& condensation nucleus
3. Electrical attraction of dust and spray droplets

In using surface aetive agents, it is generally assumed that mech-
anism 1 applies and that the agent permits the dust particle
to be wetted more resdily; hence s greater number of collisions
between dust and spray droplets result in envelopment of the
dust particles than if wnier alone is used.

There are, however, two other pessible explanations for the
effectiveness of wetting agents in certain cases. Tirat, the
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weiting ngent will change the size distribution pattern of the
spray droplets, other factors remaining constant. Thus, in
general, better atomization will be obtained under a fixed set
of conditions with wetting agent than without. Second, when
gprays are used in coal eutting operations such as the continuous
miner, the spray tends to wel the surrounding coal face with a
flm of wetting agent. In this flm, the surface to volume ratie
in much less than in the case of spray droplets and the effective
conl wetting concentration more nenrly approaches that of bulk
solutions. At the seme time the bigh pressure sprays creste
a mags flow of dust-laden air toward the face where the dust may
be trapped by the dust wetting film.

Undoubtedly some direct envelopment of dust by spray drop-
lets does oceur due to mechanical impact, but it appears highly
improbable, in the light of the results presented in the preceding
section, that webting agents in the concentration normally em-
ployed have any significant effect upon this phase of dust removal.
Similarly, although wetting agents can improve atomization, the
same effect can generally be attained by increasing the spray
pressure. It would appear, therefore, that the principsl advan-
tage of the use of wetting sgents mey be that of providing a coal
dust wetting surface at the face which can trap the dust.
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