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Determining liquid substrate cleanliness using infrared imaging
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Experiments conducted in a modified Langmuir trough are described. Measurements of surface
tension were obtained using a Wilhelmy plate, while infratiRl) images of the water surface
adjacent to the Wilhelmy plate were simultaneously recorded. A contaminating surfactant film was
allowed to form on the surface while the experiments were being conducted. The data reveal a
substantial change in the IR imagery due to the film in all cases. The difference between the
appearance of the clean and surfactant-covered regions of the surface is clear and distinct. For some
of these experiments the change in the IR imagery is accompanied by no observable change in
surface tension. This, along with several other aspects of this work, suggest that IR imagery may be
a superior tool, compared to traditional surface tension measurements, for ascertaining the
cleanliness of a liquid substrate. @001 American Institute of Physics.

[DOI: 10.1063/1.1416106

I. INTRODUCTION curves for a primary surfactant after purposely contaminating

o a water surface with a small, known quantity of a “contami-
The study of surfactant monolayers on liquid substrateg,an» grfactant. The experiments illustrated that when a suf-

and the related subject of Langmuir—Blodgett film preparasiciently small quantity of contaminant was deposited, no
tion, both require great attention to the avoidance of impuripange in surface pressure could be detected using a Wil-
ties and contaminants in the subpha_se, thg sprea_tdmg solveﬂgmy plate, even when the Langmuir trough was com-
and the surfactant of intereSiCleanliness is an important ,asced to its minimum area. Nevertheless, when the primary
aspect of the study of surfactants, since extremely Sma@urfaetant was deposited, the pressure-area curve which was

quantities of impurities can result in very large differences ingpaineq differed substantially from that which was obtained

the quality and behavior of the surfactant monolayers subsggihoyt the introduction of a contaminant. In light of these
quently formed on the liquid subphase. Many methods angagyits an alternate method for detecting contamination was
I_aboratory practices _have been developed to reduce the I'k%'uggested wherein a base-line pressure-area curve is ob-
lihood of contamination. However, regardiess of the methodgineq ysing a standard, well-characterized surfactant. Sub-
chosen, some form of measurement is necessary prior t9nase cleanliness is then confirmed by comparing measured
deposition to demonstrate that the substrate is indeed cleaqss re-area curves for this standard surfactant with previ-
Ascertaining subphase cleanliness prior to surfactan&us|y obtained curves.
deposition typically involves monitoring the surface pressure Smaby and Brockmdmoted that the method proposed
using a Wllhelmy plate as the surface IS compressed to thﬁy Albrecht was limited since one is unlikely to find a stan-
minimum possible area of the trough being used. If there iy, isotherm for every combination of surfactant, subphase,
no measurable change in surface pressure during this COfsmperaturepH, etc., which a researcher might need to in-
pression, the subphase is deemed to be sufficiently cleagegtigate. As an alternative, they proposed using surface po-
Similar methods are applied to detect the presence of IMPYgiia| measurements as a means of detecting contamination,
rities in volatile solvents which are used as the spreading,,iing that surface potential is a significantly more sensitive
solvents for surfactants. In this case, the solvent is spreagheagyre of surface contamination than surface preésure.
upon the liquid surface and allowed to evaporate completelyis method, the area of the trough is reduced, and the change
Whether any contaminants are left behind is again deter, g rface potential is monitored using a point probe. While
m|r_1ed using the area reduction technique JUSt,deSC”bed' This method is extremely sensitive, the authors note that the
rationale in support of the use of area reduction as a mea%%nsitivity varies from surfactant to surfactént.
for detecting impqrities is that if.no measurable changg'in Herein, a method is presented wherein infrared imaging
surface pressure is _o_bserved prior to surfaCta}nt dePO_S't'O'ig used to detect the presence of surfactant contamination on
then whatever impurities are actually present will result in N0, \\ater surface. The ability of a surface active material to

measurable change in surface pressure after the monolayer@glmp subsurface motion results in a change in the surface

interest is deposited. _ temperature field, which can be detected via infrared imag-
Albrecht demonstrated that the aforementioned methoqng_ This method has several advantages over those de-

of ascertaining surface cleanliness was not valid. In a simplg.ihed above. First and most important is that surfactant
and incisive demonstration, Albrecht obtained pressure-areg;niamination is revealed in the form of a two-dimensional
image. The existencand locationof the contaminating film
dElectronic mail: jrsaylor@ces.clemson.edu are readily seen, aiding perhaps in a diagnosis of the source
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of contamination instead of simply indicating its existence. HEPA Filter
Second, no movement of the surfactant barriers is required '
visualization of the subphase indicates whether the trough it l l l

Infrared Camera
Air Flow

ready for experimentation without having to perform a pre-
liminary run. Moreover, because it is an imaging method, the
existence of dislocated islan@serhaps far from the location

of the Wilhelmy plate or surface potential measurement lo- ﬁim
cation can be ascertained just as easily as for a complete /
contaminating monolayer. Finally, the spreading of the actual
film of interest can be observed in real time, providing useful Q g;lt‘;elmy
information regarding the spreading rate, degree of coverage

possible film leakage, etc. This gives real-time feedback to
the researcher.

It is noted that the nonlinear optical technique, second- e Spill Tank
harmonic generatio(SHG), can be used to measure the sur-
face concentration of surfactant monolay&r¥. This method
has typically been used as a point probe, using a single nar
row laser beam. However, the availability of modern high-
power lasers has permitted its application in an imaging
mode by expanding the laser beam, and imaging a significan
area of the interfact. This method provides instantaneous,
nonintrusive measurements of surface concentration, and as
such is a powerful tool. However, the sophisticated and EXFIG. 1. Schematic illustration of the experimental setup used to obtain tem-
pensive optics, lasers, and cameras which are necessary, Cpérature fields from the surface of a body of water during evaporation.
rently preclude its use as a simple contamination measure-

ment technique, like that which is described herein. As indicated in Fig. 1, the infrared camera imaged the

Finally, it is noted that even in the absence of contami-suncace of the water \;ia ’a 45° bounce mirror which was
nation, differences in surfactant monolayer properties can r%cated directly over the tank. The Wilhelmy plate was also
sult from different types of spreading solvents, and differentl cated over the water surfa&:e Its location is presented in
methods in applying these solvents. This effect on surfactarlf. 2 with t 0 th g d by the infrared i
morphology is not a contamination issue and is, therefore '9. < with respect fo the region imaged by he infrared cam

not the subject of this work. The interested reader is referregra' The _W|Ihelmy plate is nece§sarlly offset from the im-
to the work of Gericke, Simon-Kutscher, and rerfuss? aged region to prevent obscuration of the IR image by the

which includes a review of the subject. Wilhelmy ple_xte apparatus. . .
Infrared images of the water surface were obtained using

]

T Water Tank

Il. EXPERIMENTAL METHOD Wilhelmy Plate Location

The experimental facility used in these experiments is

illustrated in Fig. 1. With the exception of the infrared cam- r4 i)
era, the entire experimental apparatus was located inside °

laminar flow hood. The laminar flow hood contained a fan E“ em

which drew room air in through a HEPA filter, providing a m

relatively clean, laminar air flow over the water surface. In
addition to helping maintain a clean air environment in the
vicinity of the water surface, the air flow served to compress . :
the contaminant film that formed on the water surface. This_— {iizedReiion
compression was used as a diagnostic tool in some of the
experiments described below. Except where noted, the lami
nar flow hood fan was kept on during all experiments. !I‘T"
The “trough” used in these experiments was not the

shallow Teflon basin typical of a Langmuir facility. Rather, a
custom-made glass tank, 15.2 grh5.1 cm in area, and 9.8
cm deep was used to contain the water substrate. Surfac
tension of the water surface was recorded using a Wilhelmy
plate composed of sand-blasted platinum, which hung from | .
an electronic balance. Data from the balance was acquired b, | 15.1cm |
a PC and stored to disk. Surface tension was measured wi . . .

. . G. 2. Plan view of the water surface, revealing the areas imaged by the
aresolutlon of 0.004 dyn/cm and was acquired at a rate of hared camera and the Wilhelmy plate measurement location.

z.

152 cm

4.5 cm
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a Raytheon-Amber AE4256 IR camera having a 2364 72
InSb array. The camera is liquid-nitrogen cooled and exhibits

a noise level equivalent to approximately 25 mK in measured
temperature. The region imaged was 7.9x®m® cm, as il-
lustrated in Fig. 2. Appropriate calibrations were acquired to
permit conversion of the IR imagery into surface temperature
fields. In this article these calibrations were not utilized,
since the conclusions drawn herein do not rely on numerical
temperature values, but rather on the qualitative differencesw
between the imagery in the clean and surfactant-coverec
regions.

Doubly distilled water was used as the liquid substrate in 70
all experiments. Regardless of the type of experiment which
was conducted, the following procedure was used. The dis:
tilled water was transferred to the glass tank and was sparge
using dry nitrogen and a clean glass frit. This took place over
an~1 h period prior to initiation of the experiment. Thetank gl 1 1 1 1 (| 1 | | |
was then briefly overflowed into a spill tarikhown in Fig. 2 3 4 ?imes(min7) 8 9 10 11 12
1). The surface was then swiped with a glass rod which had
been cleaned with high pressure liquid chromatography!G. 3. Plot of surface tensiofdyn/cm) as a function of timemin) for a
(HPLC) grade methanol and doubly distilled water, to re- contaminant film spreading across the water surface. Laabi¢d) corre-

L g . .~ spond to the images presented in Fig. 4. Laloglcorresponds to the time
move any surfactant remaining in spite of the earlier cleaningynen the film completely covers the imaged region.
steps. The Wilhelmy plate was translated vertically upward
and away from the water surface during this cleaning procethe growth of a contaminant film occurred on a time scale
dure. The Wilhelmy plate was cleaned with HPLC gradewhich was much faster than that due to the change in the
methanol and doubly distilled water before each experimentoulk water temperature.
The plate was also periodically cleaned by applying a blue In the following section the experimental results are pre-
flame until the plate glowed orange. Upon completion of thesented. Surface tension data obtained from the Wilhelmy
cleaning procedure for the water surface and the Wilhelmylate are presented in the form of surface tension versus time
plate, the plate was lowered and reattached to the water suyplots, and data from the infrared camera are presented in the
face. The water surface was then swiped one final time bjorm of snapshots taken from a larger sequence of images.
sweeping the surface from a location just to the right of the
Wilhelmy plate location in Fig. 2, to the right edge of the Ill. RESULTS
tank. The experiments which were conducted are divided into

The goal of these experiments was to study the growthhree groups, each of which is described below. In each ex-
of a naturally occurring contaminant film. These films tend toperiment, simultaneous measurements of surface tension and
form in spite of good cleaning procedures. In the earliethe surface temperature field were obtained using the Wil-
work of Saylor, Smith, and Flack* the cleaning proce- helmy plate and IR camera, respectively.
dures were more rigorous than those described here, and wa- Group 1
ter surfaces which were free of contaminant monolayers™ P
were attained for several tens of minutes. In the current In the first group of experiments, a contaminant film was
work, the cleaning procedures were pursued with less vigomllowed to grow on an initially clean water surface as Wil-
so that the monolayer could be observed to form withouhelmy plate and IR measurements were simultaneously ac-
unnecessarily long wait times. quired. Measurements were recorded from the instant of the

To facilitate the observation of the surface temperaturdinal cleaning step, until well after the surfactant film com-
field, the bulk water temperature was elevated prior to initia-pletely covered the water surface.
tion of the experiments. This was done to increase the heat A plot of surface tension versus time is presented in Fig.
flux from the water surface, which in turn created thermal3 for one of these experiments. As described in Sec. Il, the
structures which were more easily visible in the infrared im-tank was initially warm and cooled slightly during the course
agery. The bulk water temperature was monitored throughouif the experiment, resulting in a slow increase in surface
the experiments using a mercury in glass thermometer havension. In this experiment the tank is cooling down from an
ing a resolution of 0.1 °C. The average starting temperatur@itial temperature of 33.5°C. At the very beginning of the
for these experiments was 36 °C. During the course of thexperiment relatively large oscillations in the data are ob-
experiments, which lasted from 12 to 130 min, the waterserved. These oscillations are due to waves on the surface
temperature decreased, resulting in an increase in the meeaused by the final swipe of the surface with a glass rod, the
sured surface tension. This change in surface tension did néihal step in the cleaning procedure. The noise in the overall
create ambiguity in the results, however, since the surfactartata is higher than it otherwise would have been, due to the
films investigated here grew at a much more rapid pace. Aair flow over the water surface which disturbed the hanging
will be seen in Sec. lll, the change in surface tension due t&Wilhelmy plate.
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(a) (b) (b)

FIG. 5. Infrared images ofa) a clean water surface artt) a surface cov-
ered with a monolayer of oleyl alcohol. The heat fluxes are the sar(@ in
and(b).

right. The evaporation rates and heat fluxes for the two im-
ages are the same, because the surfactant monolayer is oleyl
alcohol, which does not inhibit evaporatihAs a result, the
difference in these two images is solely due to the ability of
a surfactant monolayer to damp subsurface motion. These
images clearly show the dramatic difference in the spatial
FIG. 4. Infrared images of the water surface as a contaminant film spreadgtructures of the surface temperature field caused by the pres-
from right to left. The laminar air flow is directed from left to right. Each ence of a surfactant. The clean surface shows a broad range
image is afStEaDShOI Faké? 3E5 S-rgt;)nzo :h(gi Clgr?ess, Znncgds) éggnse fg‘f’ft';];hlibel of spatial scales, from very small to very large, while the
:gglaat?c?nnsoin tr?eezssgcr:]eetne.nsii:l Vs tirFr)1e plot presgnted in Fig. 3. The blaci?nage of the surfactant-cogtgd surface shows only large-
pixels located in the comers of each image are regions of unresponsivacale structures present. This is the hallmark of the effect of
pixels. The object located on the far-right edge of the image is the glass roa surfactant film on the temperature field, and has been ob-
used to swipe the surface just prior to initiation of the experiment. served in other studidg:21:22
Referring back to Fig. 4, the same difference between

The contaminant film grew steadily across the water surelean-surface and surfactant-covered-surface behavior ob-
face and completely covered the imaged region after about Served in Fig. 5 is also observed in Figiay where two
min. This process is shown in Fig. 4 where snapshots of thdistinct regions are seen. On the right-hand side of Fig), 4
infrared imagery data are presented at 35, 70, 195, and 295there is a well-defined dark region where only large-scale
The points in time when these four images were obtained arstructures exist, separated from a bright region on the left-
indicated by labeled arrows in the surface tension versuband side of the image where a broad range of spatial scale
time plot of Fig. 3. To facilitate further discussion of the IR structures can be seen. The boundary between this dark and
images presented herein, an explanation of the general natupeight region in Fig. 4a) is indicative of a spreading surfac-
of structures observed in infrared imagery during evaporativéant film front?! This front is spreading across the surface
convection is now presented. from right to left in the image sequence, Figéa)4-4(d). The

When a water surface is exposed to air having a relativair flow, which travels from left to right, is the force which
humidity less than 100%, evaporation occurs, thereby coolkeeps the film confined to the right side of the tank as it
ing the surface. The cooling of the surface renders it ungrows. This last point is confirmed by the group 3 experi-
stable, and surface water falls downward and is replaced bynents presented below.
warmer bulk water. This process is referred to as evaporative The points in time where each of the IR images of Fig. 4
convection® Several researchers have noted that the largewere acquired are indicated by labeled arrows in Fig. 3. The
scale flow observed in evaporative convection consists oWilhelmy plate is not visible in the images presented in Fig.
thin, falling sheets having a relatively large velocity, inter- 4 and is located just outside of the upper-left-hand corner of
spersed with larger rising plumes having a smallerthe IR images, as shown in Fig. 2. Hence, shortly after the
velocity®~1° These falling sheets are observed as dark otime corresponding to poirftl) in Fig. 3 this film crosses the
black lines in infrared imagery, and the plumes as broadVilhelmy plate measurement location. It is important to note
white or light gray areas. Such dark lines and light graythat at no time in Fig. 3 is there an easily discernible, sudden
plumes are observed throughout the imagery in Fig. 4. drop in surface tension which would be expected when the

When any surfactant film having a finite elasticity is film crosses the location of the Wilhelmy plate. No such drop
present, motion at or near the water surface is damped. Figs observed in the vicinity of pointd) in Fig. 3, or at any
ure 5 shows a pair of infrared images due to Saylor, Smithtime in the more than 7 min after poitd). This might sug-
and Flack!® These two images were obtained under identicagest that the contaminant film has no surface-tension-
conditions, the only difference being that a surfactant monolowering properties. This is unlikely, however, since the con-
layer is present on the water surface for the image on théaminant film is sufficiently surface active to damp out the
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FIG. 6. (a)—(d) Plot of surface tensiofdyn/cn) as a function of tim&min) for four different contaminant films spreading across a water surface.

subsurface fluid flow structures which are eminently visiblewas allowed to grow and was subsequently compressed,
in the IR imagery of Fig. 4. This point will be revisited in while checking for changes in surface tension.
Sec. IV. A plot of surface tension versus time is presented in Fig.
Four more experiments of this type were conducted in7 during which the contaminant film was compressed. Com-
addition to the one plotted in Fig. 3. Each of these experipression was achieved by pushing a glass rod across the tank,
ments was conducted under conditions essentially identic3leginning at the tank edge and ending at the edge of the
to those of Fig. 3. The surface tension data and infraregnaged region. This resulted in a compression from the ini-
images obtained in these experiments are similar to thosgy total tank area of 229.5 chio an area of 88.1 cfnThe
presented above. The surface tension versus time plots f% ange ino due to this factor of 2.6 compression is revealed
these experiments are presented in Fig. 6 for the sake } Fig. 7. The beginning and end of the compression are

completeness. marked by large oscillations io- caused by the glass rod,
which created small capillary waves at the initiation and ces-

B. Group 2 sation of its motion. The compression resulted in-a.2

It could be argued that the behavior observed in Fig. 4 iglyn/cm reduction irv, proving that there is indeed a surfac-
due to something other than a surfactant film, an argumerigint film on the water surface. In Fig. 8, the film is com-
which could be supported by the lack of a measurablgpressed by a factor of 1.3, half that for Fig. 7. As can be seen
change in surface tension. This possibility is addressed in thi@ Fig. 8, the decrease in surface tension is smaller, on the
following group of experiments where a contaminant film order of ~0.1 dyn/cm.
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73 —

FIG. 9. Infrared image of the water surface just after a contaminant film
71 | | | | | | | | | undergoes a factor of 1.3 compression. Ahead of the glass rod, the IR be-

6 7 8 9 10 11 12 13 14 15 havior is that of a surfactant-covered surface, while the region behind the
time (min) rod displays behavior characteristic of a clean water surface.

FIG. 7. Plot of surface tensiofdyn/cm as a function of timgmin) for a . . . . .
contaminant film. The film is compressed by a factor of 2.6. The compresFig. 5(b), i.e., surfactant behavior, while the region to the
sion occurs between the regions where the signal is seen to exhibit largaght of the rod displays the clean behavior seen in Fig),5

oscillations. At the beginning of the film compression, the film had alreadystror-lg|y suggests that what appears to be a surfactant film in
grown to cover the entire imaged region. the IR imagery is indeed just that

The measured change in surface tension due to compres-
sion must be due to the presence of a surfactant film. Hows: Group 3
ever, the data presented in Figs. 7 and 8 do not necessarily |n the final group of experiments, a contaminant film
prove that this film is the same as whagpearsto be a film  was allowed to grow until it covered half of the imaged area.
in the infrared imagery. This is demonstrated in Fig. 9, whereat this point, the laminar air flow was turned off, eliminating
an IR image is presented shortly after the contaminant film ishe force keeping the film in place. A sequence of infrared
compressed by a factor of 1.3. At this compression, the glasgnages is presented in Fig. 10, which show the surfactant

rod used to compress the film is located within the imagediim quickly expanding across the water surface when the air
region. To the left of the rod is the region being compressed

as well as the location of the Wilhelmy plate, which gives a
reduced measurement during compression. The fact that th g
region to the left of the rod appears almost identical to that of | .

(b)

72

(d)

! ! | | | J
7015 16 17 18 19 20 21

time (min)

FIG. 10. Sequence of infrared images showing the sudden expansion of a
FIG. 8. Plot of surface tensiofdyn/cm as a function of timgmin) for a contaminant film as the air flow is turned off. The times after experiment
contaminant film. The film is compressed by a factor exactly half that of Fig.initiation at which the images were obtained &ie280 s,(b) 284 s,(c) 288
7, e.g., 1.3. All other conditions are the same as for Fig. 7. s, and(d) 292 s.
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flow ceases. Note that these images are separated in time bgn) in the trough. Such evaporative convection should be
only 4 s. This is further evidence for the presence of a surebserved in many facilities, where relatively low-humidity
factant film; some type of elasticity would be necessary forlaboratory air is drawn into a laminar flow hood. However, in

this type of expanding behavior to be observed. situations where the researcher purposely seeks to attain
100% relative humidity above the trough in order to elimi-
IV. DISCUSSION nate temperature variations caused by evaporation, the

6nethod described here will fail. A possible procedure which
sudden change in measured surface tension as a dark reg'g‘?\n be utilized in such a situation would be to impose a

i ST . . :
which appears to be a surfactant film moves across the Watéqw-humldny air flow first, to ascertain surface cleanliness,
nd then cover the trough so that the humidity would rise,

surface in the infrared images. A slow, gradual increase i . . .

surface tension is observeg. This gradugl increase does n%'f'd proceed W'th the experiment. This _method _shogld_ be
seem to be explained by a surfactant effect, since the offven more effective when the subphase is a volatile liquid.
croaching surfactant film in Figs.(@—4(d) exhibits a very ACKNOWLEDGMENTS
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