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Measurements have been made of the rate of removal of a solid
organic film (phenanthrene) from the surface of a rotating disk us-
ing emulsions containing water, the nonionic surfactant Tween 20,
and d-limonene as the organic phase. The results show that phenan-
threne removal initially occurs by the uptake of phenanthrene into
the emulsion drops as small aggregates. Simultaneously, the organic
phase penetrates into the phenanthrene film, diminishing the adhe-
sive force between the film and the substrate. After sufficient time,
the phenanthrene film detaches from the rotating disk surface as a
solid. This detachment mechanism accounts for the vast majority of
the phenanthrene removal (~90%). Initial solubilization rates were
analyzed using two solubilization models. Both models assume that
phenanthrene removal occurs via a mass transfer limited removal
of phenanthrene-laden emulsion drops from the phenanthrene film
surface into the bulk solution. One model treats the emulsion as ho-
mogeneous while the other accounts for the finite size of the emul-
sion droplets. The latter model was also used to relate the flux of
organic phase impacting the phenanthrene film to the detachment
times. © 2000 Academic Press

Key Words: emulsion; cleaning; phenanthrene; solubilization;
rotating disk.

INTRODUCTION

hydrocarbon-based microemulsions used to remove petrolel
jelly from aluminum coupons. They found that both the structur
of the microemulsion and its viscosity have a significant effe
on cleaning rates.

A number of patents involving emulsion-based cleaners ha
been assigned (3—-9). Many of these emulsion cleaners were
veloped for cleaning organic residues from metal surfaces. O
particular application of interest is the removal of solid tar an
oil residues, including asphaltenes, from stainless steel train
tractor trailer tanks used for transporting such materials.

Permsukaromet al. (10) measured the kinetics of dissolutior
of solid asphaltenes in organic solutions of surfactants. Th
used a differential reactor flow system in which the cleanin
solution flowed through a packed bed of asphaltene particle
Asphaltene dissolution behavior was approximated with a firs
order rate law. The dissolution kinetics displayed Langmuir
Hinshelwood behavior with respect to the concentration of st
factant. Trends observed suggest that surface desorption re
and mass transfer processes were important factors in the o\
all rate of asphaltene dissolution.

Prior work by our group has examined the removal of viscol
liquid organic films from solid surfaces using aqueous nonion
surfactant solutions (11-16). Related studies have also focu:
on interfacial and transport phenomena during cleaning in co

In recent years emulsion cleaners have become more preveHed flow systems (17-19). Cleaning studies examined tl

lent for removing both solid and liquid organic films from solidrate at which the liquid film is removed from the substrate. Be
substrates. Emulsion cleaners consist of an organic phase gigise a state of thermodynamic equilibrium does not exist dt
persed in an aqueous phase; the emulsion is stabilized by surfag-cleaning processes, our focus was on the cleaning rates
tants. Emulsion cleaners are less flammable and hazardous t@osed to the amount of contaminant removed at equilibriut
pure organic solvents and give better cleaning performance thtese cleaning rate studies found that as many as three differ
aqueous solvents. An additional benefit of emulsion cleanersiigchanisms can be responsible for the rate of liquid orgar
their ability to partition into two phases. This often enables th#m removal: solubilization, shear removal, and roll up. Thi
contaminant to be concentrated in one of the phases for dispogark examines removal rates of a solid film of phenanthrer
reducing the amount of waste generated (1). from a solid substrate in order to better understand the mect
Despite the fact that emulsion cleaners are widely used iisms and key parameters which influence cleaning in emulsi
practice, there is little understanding of the mechanism feystems. Understanding how these cleaners work might ena

their performance. Klieet al. (2) characterized single-phasénore efficient development of effective formulations.
This paper examines the removal rates of a phenanthrene f
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the surface of a rotating disk in a container of cleaning solutioa.level counter and the disks were allowed to cool. The resu
These experiments enabled the study of organic film removagd) films were 116.m thick (film thickness standard deviation:
rates in a controlled hydrodynamic environment where shdarge disk, 3%, based on 6 different disks; small disk, 22%, bas
rates and mass transfer rates could be estimated. The concewnind-3 different disks). The film thickness was estimated by me
tion of the contaminant in the cleaning solution was measuredring the mass of the phenanthrene film by weighing the dis
continuously as it was removed from the disk. By measuring thefore and after coating. The density of solid phenanthrene
amount of contaminant accumulated in the cleaning solution as.479 g/cnd at 25C (20). The thickness of the phenanthren
function of time, the rate of cleaning could be determined. Infofilm was calculated assuming the film was a cylinder of uniforr
mation about the cleaning mechanism was obtained by obsehiekness with a radius equal to the disk radius.

ing how the cleaning rates changed with disk rotational speedThe emulsion cleaners that are mentioned in the patent lit:
and emulsion composition. Rates of removal were comparatiire are a mixture of water with multiple types of surfactan
with models for the rate of transfer of emulsion drops to thend organic constituents. In order to work with a more sin
surface. One model treated the emulsion droplets as Browngdified model system, only one type of surfactant and organ
particles while the other model accounted for the finite size of tikenstituent were used in each emulsion tested. A common
droplets and the interactions between droplets and the surfaganic constituent in emulsion cleanergldimonene, which is
examined in this work. While a variety of surfactants are used
emulsion cleaners, nonionics are prevalent. Tween 20 was u
in this work because it is nonionic, a good emulsifier whos
properties are known, and readily obtainable.

Cleaning solutions used in these experiments were prepa
Phenanthrene was chosen as the contaminant because ity first dissolving Tween 20 in deionized water. Thémonene
common representative of asphaltene, it is readily obtainablemas then stirred into the solution using a magnetic stir plate
radioactive form (for detection), and it could be cast into films dnigh speed, resulting in the formation of a macroemulsion. Fin
solid surfaces. Only one component was used in the contaminelefaning solutions contained the following mass ratios of wats
film because different asphaltenes can exhibit different removialeen 20, and-limonene, respectively: 50 : 25:25,50:30: 20
rates (14). The solid substrate was chosen to be stainless s5€el20: 30, 60:20:20, 70:15:15, and 64:32:4. A cleanin
because it is a common surface requiring cleaning in industrgdlution of only water and Tween 20 in the ratio 67:33 wa
applications. also studied as a base case. This set of emulsion compositi

The phenanthrene was applied to the stainless steel didlows the influence of each component to be examined. So
from a saturated acetone solution. This solution was prepatauhs with less than 50% water could not be studied because t
by dissolving nonradiolabeled phenanthrene and A@0 of became too viscous to remain well mixed during the cleanir
l4C-radiolabeled phenanthrene (a total phenanthrene mas®xgeriment. Solutions with more than 70% water did not ha
6.5 g) in excess acetone at°#4 Once the solution was ho-enough surfactant to stabilize the emulsion during the expe
mogeneous, it was allowed to sit in an open container to allawents. If more than approximately 30% surfactant was added
the acetone to evaporate until the phenanthrene started to pine-system, it became too viscous to remain well mixed. Sin
cipitate. At this point, the container was sealed. This ensurkdly, if more than approximately 30% organic solvent was use
that the supernatant in the container was a saturated solutioth& emulsion was not stable enough and it separated during
phenanthrene in acetone. experiment.

The disks used in the experiments were either 2.20 or 1.25 cni-or some experiments the emulsions were homogenized us
in diameter. Prior to being coated with phenanthrene, the disk€yclone Virtishear 1.Q. Homogenizer (Virtis) so that the effec
were wet sanded by hand with 600-grit sandpaper for appraf-emulsion drop size on cleaning could be determined. As w
imately 1 min to ensure a reproducible surface. Coating of the shown later, the results obtained in these cleaning experime
disks was performed by heating the disks on an aluminum traydre essentially insensitive to the degree of mixing used to prep
an oven at 12CC. The disks were then pulled from the oven to ¢the emulsions.
level counter where the acetone/phenanthrene solution, at roorithe coated disks were press fit into a Teflon holder with ¢
temperature, was pipetted onto the hot disks. Volumes of 95 amater diameter of 4 cm. The holder was submerged into a bea
250uL were used to coat the small and large disks, respectivedy.cleaning solution. The disks were spun in 500 g of cleanir
A larger contaminant solution volume relative to the area of tlelution at rotational speeds ranging from 50 to 1750 rpm
disk was used for the smaller disks because of increased losa€. All rotational speeds used in these experiments were
at the disk edge. To obtain an approximately uniform film thickhe laminar flow regime. Additional details on the rotating dis
ness, once the acetone had evaporated from the films the digparatus and its application to cleaning studies are available
were reheated on the aluminum tray in the A2@ven to melt previous works (11-15).
the phenanthrene. Disks were then transferred to &d 8ass For experiments at disk rotational speeds above 250 rpm, c
tray and removed from the oven. The glass tray was placedtaminant removal detection was performed by hand pipettir

EXPERIMENTAL

Equipment and Protocol
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1-cn?® samples of the cleaning solution at known times during L T T ™
the experiment. Between 15 and 50 of these samples were ac- F ul§s?(n§§pfn?:1ﬁ§?f:gizigghagtiT%@
quired for each run. These samples were dissolved in Fotm I of the area at the center)
UniverSol ES scintillation fluid and analyzed in a Packard 1500 7 -

Tri-Carb liquid scintillation analyzer. The 50- and 100-rpm ex- £ * :"Nronoooooo e

periments were at such low rotational speeds that the cleaning j’z‘ 0.1 Toud 000000, et i E
solution was not well mixed during the experiments. For these E‘ UK L1 oo s0n25/25

low rotational speeds the disks were cleaned for a short period T i nnu“ 50/20/30

oftime (approximately 30 min) and then were removed from the I vy i (Tve

solution. The solution was then mixed thoroughly and sampled T""'ﬁﬁ"{. ?‘gﬁgﬁﬁ

for radioactivity. Because the amount of phenanthrene solubi- ) ey &
lized in the cleaning solution could only be obtained at one point 0! 10" 10 ‘Soi;ar I‘{?;c (1}5‘3;4 10°10° 107
intime, only initial solubilization rates could be obtained atthese !

low rotational speeds. FIG.1. Sheardependence of viscosity for the limonene emulsions examin

Solubilities of phenanthrene in limonene and a 67 : 33 mixtufthis work.
of Tween 20 and water were measured. An aliquot of BQ0
of the saturated'fC]phenanthrene acetone solution was pipethe viscosities decrease with increasing amounts of water. T
ted into three separate vials. The vials were allowed to sit opeiscosities of the 60 and 70% water emulsions are very sin
overnight to evaporate the acetone. Once the acetone was elap-but lower than the viscosities of the 50% water emulsion
orated, 50Q:L of either limonene or the 67 : 33 Tween 20/wateiThe 64 :32:4 emulsion is almost as viscous as the 50:20:
mixture was added to each vial. The vials were sealed and amulsion due to its large mass fraction of surfactant.

lowed to sit overnight. Samples of 30 of the liquid phase in  Density. Emulsion density was determined by weighinc
each vial were taken and the amount of phenanthrene presegh? emulsion samples. A pipette tip was placed in an emp
was determined by liquid scintillation analysis. Equilibrium wagial and weighed. The pipette tip was used to remove 1 @n
reached when the concentration of phenanthrene in the liqeighulsion. The full pipette tip was ejected into the vial and bot
phase in the vial did not change for 3 consecutive days. Thejgre weighed. The change in weight corresponds to the m:
was always an excess of solid in the vials. of emulsion in 1 cr of solution. Five trials were performed
for each emulsion composition. There are no significant tren
between emulsion density and emulsion composition. All emu
The emulsions used in the experiments were characterize@idn densities were 1.00 g/én3%.
terms of the following parameters: viscosity, density, and drop Drop size. Emulsion drop sizes were determined by viewing
size. The methods used to obtain each of these parametersgupd. samples of emulsions on standard glass slides and cov
the subsequent results follow. slips under an Olympus BH-2 clinical laboratory microscope
Viscosity. The viscosities for all the cleaning solutions wer&mulsions were viewed at 400magnification with the excep-
measured at 2€ using a Rheometrics Dynamic Stress Rheomé#on of the 70 : 15 : 15 emulsion, which was viewed at both400
ter (Model SR-200) with a Couette geometry. The Couette flownd 100« magnification. All of the emulsion drop sizes were
insert had the following parameters: cup diameter, 31.9 mmgasured after insertion in the rotating disk apparatus for 1
bob diameter, 29.5 mm; bob length, 44.25 mm; and tool inertiat 1500 rpm. The measured drop sizes were the same whei
398.2 g-cm. Shear stresses applied ranged from 0.01 to 300 Mg stainless steel disk was initially coated with phenanthrene
All of the emulsions exhibited shear thinning behavior (se¢sed uncoated. This is probably because very small concent
Fig. 1). The shaded area corresponds to the range of shear rties of phenanthrene are present in the cleaning solution, e
used inthe rotating disk experiments considering 99% of the disk

Emulsion Characterization

surface area. The shear rate at the center of the disk is zero and it TABLE 1

increases with r.adial posit'ion. Figure 1 shows that over the range  y/iscosity and Average Drop Diameter as a Function

of shear conditions used in these experiments, the viscosity re- of Emulsion Composition

mained approximately constant. Viscosity measurements cottlet

not be obtained at the higher shear rates due to equipment lifgiaulsion composition (wt%) Average drop diam/

tations (exceeding maximum torque of the rheometer). Tabldvater: Tween 20d-limonene  Viscosity (Pa-s)  standard deviation (.m)

lists the average v_iscos_itie; for the Iimone_ne er.n.ulsions over Fhe 503020 012 28/0.9

shear rates examined in this work. The viscosities vary signifi- 50:25:25 0.07 0/16

cantly with emulsion composition. For the 50% water emulsions 50:20:30 0.035 6.3/2.4

(at 24 C), the viscosity nearly doubles as the Tween 20 weight 60:20:20 0.016 9.6/3.5
70:15:15 0.013 17.9/7.6

percentage is increased from 20 to 25% and from 25 to 30%. For

: . : 64:32:4 0.033 —
the emulsions with equal amounts of Tween 20 and limonene,
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after an entire phenanthrene film is dissolved (approximately  3.010°® ————1————

0.05 g phenanthrene/500 g emulsion). Drop size measurementsg C A ]
were done for all of the emulsions a2t Drops were too small g 2510° | ]
to view in the 64 : 32 : 4 emulsion. The standard deviations in the o F 1
o 20107 -
drop size measurements are shown in Table 1. The average drog s C ]
diameters shown in Table 1 are the Sauter-mean diameters. ‘g 1510 F anr ]
For the emulsions containing 50% water, the average drop § R ]
diameters were within an order of magnitude of each other % 1010° F -
(Table 1). The average drop sizes were larger in emulsions with g 5 : A Experimental Data ]
less surfactant. As the weight percentage of Tween 20 decreasecs 50107 Equation 2
from 30 to 25% and from 25 to 20%, the average drop diameters ;40 £ R . .
increased from 2.8 to 4.0 to 6,83m. As expected, emulsions 0 500 1000 1500 2000

with larger drop sizes tended to be less stable. Time (min)

For emulsions with equal mass fractionsdbfimonene and  FiG. 2. A cleaning curve using pure water as the solvent at 1000 rpr
Tween 20, each 10% increase in water mass fraction resultediiangles correspond to experimental data points and the curve correspond
roughly a doubling of the average drop size. In emulsions wifl§l- [2] using a diffusivity from the Wilke-Chang correlation.
larger amounts of water, more Tween 20 partitioned into the
aqueous phase. The concentration of surfactant in the aqueous
phase also decreased with increasing water mass fraction. Lss first model treats the emulsions as a homogeneous solui
Tween 20 was then available to stabilize thémonene/water with average fluid properties while the second model accour
interface, resulting in increased interfacial tensions and largef the finite drop sizes in the emulsions.
emulsion drops.

In practice, it is difficult to assess the drop sizes that are pRure Water
marily responsible for cleaning. It is not possible to measure _.

the size of the drops near the surface of the disk before impa igure 2 ShOV_VS typical experimental data fpr the_ remqval of
nor the size of the drops leaving the disk surface. In order Qgenanthrene film irom the surface of a rotating disk using pu

see how much smaller the emulsion drops could become, ter as the solvent at 1000 rpm. The amount of phenanthre

emulsions were homogenized. After homogenization, all of tf) éSSOIVed as a function of time follows the expected trend of ¢

limonene emulsions had average drop sizes ofil7It may be initially fast rate of removal followed by a decreasing rate unt

assumed that the emulsion drop sizes in the cleaning solutidNg ISOIUt'OInpr?COTeE satu:ﬁted. I_n thlst experlmefr;t, t:ﬁcaust(

were larger than those produced by homogenization becaus G5 oW solu |_|ty ofphenanthrene in water, even after the wat

the much lower shear rates attained in the cleaning experime 'aturated with phenanthrene there s still a significant amot

The influence of emulsion drop size on cleaning performan8 phenanthrene on the disk surface. . .

will be discussed later. The rate at which the phenanthrene dissolves in the watel
While subject to rotational speeds of 250 rpm and high&?vemEd by the mole balance,

the emulsions did not phase separate, even during long periods dN d(C,V)

of shearing (overnight). The duration of lower rotational speed — P _k= P

experiments (50 and 100 rpm) was limited due to the stability dt dt

of the emulsions.

= kn(C} — Cp)A. [1]

where N, is the moles of phenanthrene in solutidris time,
k is the initial rate of phenanthrene remov@l, is the bulk
RESULTS AND DISCUSSION concentration of phenanthrené,is the volume of the solution,
kn is the mass transfer coefficient of phenanthr@@js the

The first two parts of this section present results of cleagolubility of phenanthrene in water, addis the surface area of

ing phenanthrene films by pure water and aqueous solutidhg phenanthrene film. Equation [1] assumes that phenanthr

of Tween 20 (withoutl-limonene). Phenanthrene solubilizatioriemoval is mass transfer limited so that equilibrium is achieve

into these homogeneous liquids is analyzed by a model ti@ithe interface. Integrating [1] results in an expression for tt

considers the limiting step to be the mass transfer of solulfenanthrene concentration as a function of time,

lized phenanthrene from the film surface to the bulk solution.

Mass transfer of phenanthrene occurs in molecularly dissolved C —c (1 B exp(_kmAt>> 2]

form in pure water and in the form of micellar aggregates in P P ’

Tween 20 solutions. The third part presents the cleaning re-

sults for the limonene emulsions. The initial cleaning rates in A relationship for the mass transfer coefficient of singl

emulsions, which are governed by phenanthrene removal im@lecules or dilute solutions of Brownian particles (less the

limonene drops, are analyzed using two solubilization mode1 m in size) (21) in a Newtonian fluid on a rotating disk flow
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geometry was derived by Levich (22), Based on our prior work using aqueous surfactant solutiol
for removing organic films (11-15), it is likely that the linear
km = 0.6205D2/3p1/6,,~1/8,)1/2, [3] phenanthrene removal rate may be controlled by any of the fc

lowing steps:

HereD,, is the diffusion coefficient of phenanthrene in wager, (1) transport of surfactant to the interface

is the density of the solutiop, is the bulk solution viscosity, and (2) adsorption of the surfactant from the solution onto th
wisthe rotational speed of the disk. Using the Wilke—Chang cqj,

relation (23) the diffusivity of phenanthrene in pure water was
estimated as 6.2 10719 m?/s. Using values gp = 1000 kg/nd,

_ ) _ 1 . _ .
1 =0.001 Pa-s (at 2€C), andw =104.7 s*, kn was deter- 4y getachment of the micellar aggregates from the film

) A ) ,
mined to be 4.6< 107> m/s. Figure 2 shows a comparison be- 5y yangport of the micellar aggregates from the interface
tween [2] and experimental data at 1000 rpm. The following V%’ulk solution

ueswereusedin[2A=3.80x 104m?,V =5x 104 m?, and

C,=54x 103 mol/m? (experimentally measured). The model It is not clear a priori which of these steps is controlling, bu
matches the experimental data reasonably well. The agreeniewill be assumed that either step 1 or 5 is controlling, and th
between theory and experiment confirms that phenanthrenergsults of this assumption will be compared to experimental da
moval in pure water occurs by molecular solubilization and is Phenanthrene removal rates were examined using Eq. [1].
mass transfer limited. An additional check on these resultsd#fusion coefficient for the micellar aggregates can be estimat
that the experimentally measured solubility of phenanthreneffiem the Stokes—Einstein relationship (27)

water at 24C (5.4 x 10~2 mol/m® from Fig. 2 at large times)

is in the same range as values previously reported in the lit- ke T

erature (7.2< 10-3 mol/m® (24), 6.3x 10-% mol/n?® (25), and Do = G piwa’ [4]
5.6 x 10~ mol/n® (26)).

(3) formation of micellar aggregates containing phenar
threne

where kg is Boltzmann’s constant] is temperatureu,, is
the continuous phase viscosity, aadis the particle radius
A typical cleaning curve for a 67:33:0 (67% water, 33%i.e., the micellar aggregate radius in this case). A value
Tween 20) surfactant solution (at 1000 rpm) is shown in Fig. 3.2 x 10~ m?/s was obtained foD,, using the following val-
Since the solubility of phenanthrene in the 67:33:0 solutiares:kg = 1.381x 10723 J/K, T =297 K, u,, =0.001 Pa-s (at
(experimentally determined to be 1.7 mofjnis much larger 20°C), anda= 1 x 10-8 m. Other known values in Egs. [2] and
than thatin pure water (8 x 10-3 mol/m?3) these solutions could [3] are p = 1000 kg/nt, 1 =0.022 Pa-s,A=3.80x 10~* m?,
not be saturated with the phenanthrene initially present on thedC, = 0. In this caseky, in Eq. [1] corresponds to the mass
disk as in the pure water case. It should be noted that the rtsnsfer coefficient of the micellar aggregates. A plot of Eq. [Z
of cleaning is essentially constant with time. After long periodssing aC; value fitted to the data of 13.6 mol#s shown in
of cleaning (several hours), the phenanthrene film eventualig. 3. Solubility measurements revealed that the solubility ¢
detached from the stainless steel substrate in chunks of variptenanthrene in a 67 : 33 : 0 surfactant solution was 1.7 mol/n
sizes. The fact that the fittecC; value is significantly greater than
the solubilty of phenanthrene in the cleaning solution indi
cates that phenanthrene is being removed as particulates ra
than by micellar solubilization. Calculations based o aof

Aqueous Surfactant Solutions

2104 o * E"Il’lﬁlllm““‘all D‘Tml a6 mormt 1.7 mol/n¥ would require a diffusivity value of 5.& 10-*°m?/s
3 P ' ' Pe to fit the data. From the Stokes—Einstein relation (Eg. [4]), th
g B0 F " corresponds to a physically unrealistic micellar aggregate rad
o} [ : S 10
% oe010° [ o of 4.4x 10 m.
5 L .o" ] Small aggregates of the phenanthrene film are likely being 1
£ 6010° oot - moved atthe film surface and carried into the bulk solution whe
Fi S F .00’ 1 they fully dissolve. This is realistic considering that phenar
& 40107 | o** B threne does not form one large uniform crystal upon solidific:
= i - _ g Yy p
3 | o* . tion. Instead, the film contains numerous cracks and voids, cc
S 20107 4% . o )
= [ ot i sisting of aggregates of small crystals. The surfactant solutit

0.0 10° 2 - P L] can dissolve the crystal boundaries, allowing small aggregat

0 20 40 60 80 100 120 of phenanthrene to be removed.
Tim (min) As will be seen later, experimentklvalues were found to

FIG. 3. A typical cleaning curve (67:33:0 solution at 1000 rpm). TheScale linearly withw'/? and have a zero intercept. This behavio
diamonds correspond to experimental data points. is predicted by Egs. [1] and [3] fdZ, ~ 0. This linear behavior
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50 10° T that all of the emulsions were found to have average emulsi

B I 1 drops sizes of 1.Zzm after homogenization. Results from clean

Z 40107 [ af ing experiments at 1000 rpmwiththe 50: 25:25,60:20: 20, a
E ; M/ 70:15:15 emulsion compositions were examined. The initi

2 3010° [ + ] solubilization rates and break-off times did not vary appreci

25;, i 1 bly between the homogenized and honhomogenized emulsit

£ 2010° | 7 forthe 50:25:25and 60: 20 : 20 emulsion compositions. Hov

= : ] ever, the homogenized 70 : 15: 15 emulsion exhibited initial sc

g 1010° [ . 3 ubilization rates that were 50% larger and break-off times th

g i 1 were 50% shorter than those of the nonhomogenized emulsic
00100 v v With the 50:25: 25 and 60: 20 : 20 emulsions, the difference

0 5 =t 10 15 20 drop size between the homogenized and nonhomogenized en

Time (min) sions was not significant enough to influence the cleaning resu

FIG. 4. A typical cleaning curve (50:25:25 emulsion at 1000 rpm). Théﬂowever' with the 70:15:15 emulsion, the difference in dro
diamonds correspond to experimental data points. size between the homogenized and nonhomogenized emulsi

was significant enough to begin influencing cleaning resul
means that phenanthrene removal is mass transfer limited in i€ €nhanced cleaning performance of the 70:15: 15 emuls

67 :33:0 cleaning solution. when subject to homogenization is attributed to the increas
contact area between the limonene drops and the phenanthi
Limonene Emulsions film with the smaller droplets. Because the cleaning behavi

Cleaning behavior. A tvpical ph th leani of the 50:25:25 and 60: 20 : 20 emulsions is insensitive to
eaning behavior. A typical phenanthrene cieaning CurVedegree of mixing, homogenization was not used as part of t

. o . o N {
:fmsg:g]l'nai'g' 245];5”?Vc:::]uféogtcﬁgé%nr'g?nngewzﬁé'ui?/ perimental protocol to prepare the cleaning solutions in tt
b 0 .

phenanthrene in solution initially increases linearly with time. o .
However, at a given timé, the slope of this line decreases Film characterization. Figure 6 shows photographs of a typ-
abruptly. Analysis of the disks in experiments terminated pridﬁal phenanthrenefllmthroughoutthe cleaning process. Initial
to t, showed that the phenanthrene film was completely 4f€ film has a scaled appearance with cracks or pores on the:
tached to the stainless steel substrate. The disks in experim&@§ (Fig. 6A). The film is also apparently thinner at the edge
stopped aftet;, were found to have either the entire phenanthreffge disk. Small voids and cracks are visible throughout the filr
film detached from the stainless steel or significant parts of th8€Se unavoidable deformities result primarily from the proce
film missing. In cases where the stainless steel was completgfygolidification of the phenanthrene film as it cools from 120
cleaned, it was possible to find the detached film at the bottdfhfO0M temperature. _ _ _

of the cleaning solution. It is apparent that the film detachesPhotographs of the film after brief periods of cleaning (les
from the stainless steel substrate at the time correspondindtgn 10% of the film has been removed) show that small pc
the change in slope of the cleaning curve. The remaining pHfns of the film have been removed at the very edge of the di
of the cleaning curve beyortg has no significance, since it is(Fi9- 6B), where small chunks are visible on the surface. This
the result of the dissolution of the detached film in the cleanify!!ts from solubilization of the film around the film edges whicl
solution. Since the detached film is either floating in the solu-
tion or attached to the side of the beaker, mass transfer rates

decrease. The time at which the film detaches from the diskis —~ '~ '© [ R

referred to as the “break-off timety. It is important to note that E 1.010° | [P -

film detachment was not observed in cleaning experiments with % ' e

pure water or aqueous solutions of Tween 20. “ 80107 | 1500 rpm - IL’ ]
Figure 5 shows examples of the influence of rotational speed g S F o o

on the cleaning curves for a 50:25:25 emulsion &tC24At g 6olo s A - 1

higher rotational speeds, the initial slopes of the cleaning curves jg 40105 | e - | 2]

are larger and thi values are smaller. This trend was observed = E /.’ - !

for all of the emulsion compositions examined. The verticallines £ 20107 | /* Ll L -

indicate the break-off times. The break-off times were shorter = /4" ™ 1000 rpm :

for higher rotational speeds, a trend that was also observed for 0.0 10° &= : R e

all of the other emulsion compositions examined. TR 20 " 40 60
The effect of emulsion drop size on cleaning rates was exam- Time: )

ined by comparing the initial solubilization rates and break-off £1g. 5. cleaning curves for a 50: 25: 25 emulsion showing the influenc
times for emulsions with and without homogenization. Recatt rotational speed on the initial solubilization rate and break-off times.
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Center Edge

Center Edge

FIG. 6. Photographs of the phenanthrene film: (A) before exposure to the emulsion cleaner and (B) after 6 min of cleaning at 500 rpm with a 50
emulsion (large disk).
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are initially thin. As the film is solubilized, the thinner parts ato be taken up into the limonene drops as small aggregates wt
the edges can become disengaged from the surface. This efésentually dissolve fully in the bulk solution. This is because tt
is not believed to be a significant part of the cleaning mechanigrhenanthrene film is not a single crystal, but rather many cryst
because such a small part of the film is removed in this manraerevidenced by Fig. 6A. The limonene only has to dissolve t
(less than 10%). edges of a specific crystal in order for it to be removed from tt
In a different series of experiments, /8- drops of all of rest of the film.
the emulsion compositions were placed on top of phenanthren& he transport of drops of organic phase to and from the st
coated disks. Upon contact with the cleaning solution, the emidce is, in general, influenced by buoyancy, hydrodynamic, a
sion drops spread on the upper surface of the film (within tisairface forces. As a first attempt at modeling this phenomen
first 15 s) and then penetrated into the phenanthrene film (aftieops are considered Brownian particles, so that their transp
approximately 1 min). Upon penetrating, it was possible to seegoverned by their diffusion and the motion of the fluid in th
the area where the emulsion drop spread throughout the inteximinity of the roatating disk. It will also be assumed that there |
ofthe film. The presence dflimonene and surfactant facilitatedno accumulation of limonene drops on the surface of the disk
this penetration process since pure water samples were unabtée film. This implies that the flux of drops from the bulk solu:
to enter the phenanthrene films. tion to the surface of the disk equals the flux of drops away fro
Comparison with solubilization modelsThe discussion the disk. This ensures that the number concentration of drops

above points to two main phenanthrene removal mechanisif emulsiontte) is uniform. After the drops impact the sur-
(i) solubilization and (i) detachment of the phenanthrene filfice of the disk, they become laden with phenanthrene. The f
from the substrate. The substrate is considered clean wiffphenanthrene-laden drops from the surface of the disk to |
the entire phenanthrene film has detached from the substr&gk solution (where the concentration of phenanthrene-lad
Detachment occurs at= t, before the majority of the film has drops is negligible) can then be expressed as
been solubilized. It is important to study both the solubilization
and detachment mechanisms since they both play an important J = Km.i Noo, (5]
role in the removal of phenanthrene from the surface.

In the emulsion, phenanthrene will dissolve primarily insidesherekn | is the mass transfer coefficient for the emulsion drop
the limonene drops. The interaction of the limonene drops with The phenanthrene molar flyy is given by
the phenanthrene film are postulated to follow the steps shown
in Flg 7. jp = km,| I”IoonC;, [6]

(1) transport of drops to the interface whereVj is the volume of limonene per droplet ady is the

(2) contact of the limonene drop with the film (ﬁ‘oncentration of phenanthrene at the interface. Note that 1
(3) partial penetration of the limonene drop into the phena roductna,Vy is equal tog, the volume fraction of limonene

hrene film whil me of the phenanthrene is taken up into tA . )
t. ene € some o the phenanthrene Is taken up into tlnethe emulsion. Equation [6] assumes that the mass trans
limonene drop in small aggregates

(4) detachment of the limonene drop from the film process of phenanthrene removal is due to droplets that ca
P with them phenanthrene at a concentratiin

(5) transport of drops from the interface to the bulk solution Let the equilibrium concentration of phenanthrene in the bu
It will be assumed that phenanthrene uptake occurs very fastulsion beCeq. If molecular solubilization is responsible for
upon contact with the limonene drops. It is not clear a priophenanthrene removal, th€j should equaCe,. If the cleaning
which of these steps is controlling, but it will be assumed thaplution at the interface is indeed homogeneous, @eoan-
steps 2, 3, and 4 are fast, and the results of this assumption wilt exceeeq. If C; is greater thaiCeq, it can be inferred that
be compared to experimental data. The phenanthrene is beligpadicles of phenanthrene must be present in the cleaning sc
tion as was found in the cleaning of phenanthrene using aque
surfactant solutions. Values G could not be experimentally
determined by equilibrating the emulsions with solid phenal

. .—a threne as was done with pure limonene and the 67 : 33 mixit
. @ because the emulsions used in this work phase separate pric
. equilibration. A value ofCeq in the emulsion can be estimateo
from
A Tz Ceq = ¢1Ci, [7

Phenanthrene Film __%

whereC; is the solubility of phenanthrene in pure limonene

FIG.7. A schematic of the cleaning mechanism showing the interaction d@bulated values dq for the different emulsions are shown in
emulsion drops with the phenanthrene film. Table 2.
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TABLE 2 These calculations consider a dilute solution of spherical par
Values of Cq and C; Obtained from the Homogeneous cles in which there are no particle—particle interactions.
Model and Finite Drop Model The original paper of Dabra al. (28) and two accompanying
papers by Adamczyk and co-workers (21, 29) contain sevel
. y Ceg Cp AV Cp FOM ¢ hical inth tions. Specifically, the definiti
Emulsion composition (mol/) (mol/m?) moum?)  YPOgraphical errors in the equations. Specifically, the definitic
of the Grashof number, Gr, is incorrect in (21, 28, 29). Th
50:30:20 7.29 5821 2757 corrected equations are presented in the Appendix, using |
50:25:25 large disk 8.99 7683 2231 same nomenclature as in these earlier works. From these wol
50:20:30 10.63 10888 1207 the flux of particles to the disk surface can be calculated fro
60:20:20 7.22 16358 466 .
50: 25 25 small disk 8.99 6454 1561 the expression (29)
= 2260055 ) 1)
The initial rate of accumulation of phenanthrene in the emul- ’
sion (removal rate) is given by wheren,, is the particle number concentration far from the dis|
dN (i.e., in bulk solution as with the HM} is the particle radius}
2P k= Ak | noonCS~ [8] Iisthe dimensionless closest distance possible between a dro
dt and the disk surfacd;; is a function of vertical distance from

C@e disk surface (see Appendixy)js the dimensionless patrticle
concentration, anHl is the dimensionless vertical distance fromn
the disk surface. The mass transfer coefficient for the limonel

The flux of limonene droplets to and from the disk surfa
can be expressed in termslobby combining Egs. [5] and [8] to

get drops predicted by the FDM can be calculated from Egs. [5] ar
i = k ] [11],
AVGCg Do —/dn
| s = 2205 ) 112
Two models have been used to estimate the mass transfer co- a dH /3

efficientkn, | for limonene droplets. The first is a homogeneous

model (HM), which treats the emulsion as a homogeneous é@_comparing the mass transfer coefficient eXpreSSionS from t

lution with an effective density and viscosity but with droplet§iM (Ed. [3]) and the FDM (Eq. [12]) one can see that the HM

that are not subject to inertial, gravitational, or interfacial forcegontains an explicit dependence on density, viscosity, and ro

The second is a finite drop model (FDM), which accounts fétonal speed. The FDM depends on these parameters implici

the buoyancy, surface, and body forces acting on the limoneitd the particle radius explicitly.

drops as a result of their finite size. Initial rates of phenanthrene solubilizatidnwere calculated
The mass transfer coefficient expression for the HM was piith the FDM by combining Egs. [8] and [12] to obtain

sented in Eq. [3] and the corresponding expressiorXgqris _

given by Eq. [4]. The o.nly diffe_rence i_n ap.pl.ying thes_e equations K — A% Fl((S_) (@) Ny V4C. [13]

forthe emulsion case is thBt,, is the diffusivity of the limonene a dt /5 P

drops in the emulsion aralis the radius of the limonene drops.

The values of viscosities and average drop sizes of the emulsiésswith the HM, here it is assumed that phenanthrene uptake

studied in this work are summarized in Table 1. the limonene drops occurs instantaneously upon contact.
Combining Egs. [3] and [8], the following expression is ob- Having presented the HM and FDM, we now compare the:

tained for the initial rate of phenanthrene solubilization usingodels with experimental solubilization data. Equation [10] pre

the HM: dicts thatk depends linearly on.,Vy/u'/8 for a givenw. The
experimental trends are shown in Fig. 8A for all of the limonen
k = 0.6205ADZ>p"/°Cringe Vau w2, [10] emulsions tested. The lines correspond to linear curve fits pa

ing through the experimental data for each of the three rotatior
Since the emulsion drops are larger than what are normadigeeds shown. However, the data do not exhibit a zero int
considered to be Brownian particles and may be influenced bgpt as predicted by Eq. [10] because this equation assun
body and surface forces, the FDM approach will also be usttat phenanthrene removal occurs only by the limonene dro
to estimate the value &, to take these effects into accountin reality, phenanthrene is also removed by surfactant in t
The FDM estimates théq, values using the theory devel-aqueous phase. At higher valuesrofVy/u /8, there is less
oped by Dabrogt al. (28) for the deposition of non-Browniansurfactant present in the aqueous phase because it is prese
spheres onto rotating disk surfaces taking gravity, London—vtdre aqueous/organic phase interface, stabilizing the emulsi
der Waals, and hydrodynamic forces into account (21, 28, 28nder these conditions removal by the aqueous phase is |
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A 210° e TABLE 3
710° El o s00 5 52 Dependence of Ny, Vy/pu'/® (from Eq. [10]—Property of Emul-
. A 1000 t 5 A sion Composition) and kw~/2 (from Eq. [10]-Dependence of
610° F o 1500 /(9// ; 1 Solubilization Rate on Rotational Speed) on Emulsion Properties
T s510°F O A
& E o = Noo Va/n'/® ko~ 1/2
£ 410°F > 1" 2 = Emulsion composition (Pa-sy1/6 (mol-s71/2)
g i i 8A—"
- 10 Bat” T H T 50:30:20 0.335 4.2x10°°
1 (1 = W R s == é 50:25:25 0.452 5.9x 10°°
il ol B 3 50:20:30 0.600 8.2x 107°
L™ B ] 60:20:20 0.464 7.2x10°°
010° . Ll . L ] 70:15:15 0.363 6.4x 1079
0.00 0.10 020 030 040 0.50 0.60 0.70 64:32:4 0.086 2.6x10°°
n V1Y (Pa-s)Ve 67:33:0 0 1.5x10°°
e df
B 20107 e e BRES ' . . '
I The HM predicts an increasing linear dependencé oh
[ | —&— 500 rpm (vary ) Y, 1/2 Tabl l . | | 1/2 btained f
t —m— 500 rpm (vary n“} /,f w . lable 3 ISts eXperImenta va UeSk}’fa) obtaine rom
N = —a— 1500 rpm (vary 1) o linear curve fits passing through the origin of the experiment
£ [ | —&— 1500 rpm (vary n_) / data. Equation [10] can be solved fof using the values shown
2 it L in Tables 1, 3, and 4. Such a calculation gives @fevalues
g i shown in Table 2. The problem with the HM is that the mols
< density of solid phenanthrene is 6615 mal/mhich is smaller
5010° than most of the values obtained 0 from the experimental
data. The 70:15:15 emulsid®y; value is a factor of 4 larger
o T e T than the molar density of solid phenanthrene. The HM shou

FIG. 8. The dependence of initial solubilization rate ngbvd/ul/e for

00 01 02 03 04 05
n_V/u" (Pa-s)

0.6 0.7

not be applied to these emulsions because the emulsion dr
are too large to be considered Brownian particles. Despite t
shortcomings of the HM, this theory seems to predict prop
trends ok with n., Vy/ /8 andw!/2. Because the HM cannot be

(A) the six limonene-based emulsions af 24experimental data shown) and applied quantitatively to these emulsions, all further discussi

(B) the FDM for theoretical emulsions with= 2 um. Solid data points corre-
spond to theoretical emulsions wjth= 0.07 Pa-s and variabte,. Hollow data
points correspond to theoretical emulsions with firggVg = 0.29 and variable

viscosity. Curves corresponding to 500 and 1500 rpm are shown.

will focus on the FDM.

Figure 9 shows how experimental/alues compare with the
FDM over the range of rotational speeds examined in this wo
for the 50:25: 25 emulsion. The FDM exhibits the same trer
of increasingk with w'/?2. However,k does not increase lin-

significant. At lower values ofisVa/11*/%, the surfactant con- early with /2 as predicted by the HM model. A value of

centration is higher in the aqueous phase and little limonene is
present to remove phenanthrene. Here removal by micellar ag-

gregates is more significant. Because most of the experiments TABLE 4

Values Used in the FDM in Fig. 8B to Calculate |

in this work are done at larger valuesrof Vy/u'/8, the rate of

removal in the emulsions by micellar aggregates is neglected. Parameter

Value

The dependence of the FDM on the parametgivg/.*/®
(Eg. [13]) is not as obvious as in the HM. Figure 8B show$
calculatedk values for a series of theoretical emulsions withwater
Vg=3.35x 10" m3. The straight lines with the solid sym- ’kLB
bols correspond t& values obtained for theoretical emulsions
with a viscosity of 0.07 Pa s as the parametgrwas varied. . (to calculateD)
The curves with the hollow symbols correspondtealues ob- 2
tained for theoretical emulsions with a fixed valuemf of Co
8.65x 10 drops/ni while the viscosity was varied. With both gp  Puwater ™ Plimonene
approaches the FDM exhibits an increasd ivith increasing s (dimensionless)
Ne Va/1/8. In practice, changes in,, will affect 1 and vice Vy (based o =2 x 10-6 m)
versa. While the dependencermf on u is not known, the two Ad (between emulsion drops)
cases shown here should serve as a guide to how the EDMV (calculated from Ad usings andT above)
values depend on,, Vy/u /8. A/a

3.80x 1074 m?
1000 kg/n¥
0.07 Pa-s
1.381x 1072 J/K
297 K
0.001 Pa-s
2x10%m
31 mol/n?
159.8 kg/n?
9.8 m/&

0.01
3.35x 1017 m?3
0.4 (28)

164x 10721
0.28 (28)
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7.0 10 ——T— T . As previously stated, the initial solubilization of the phenan

6.0 10° E[" ¢ Experimental Duia 3 threnefilmtypicgllyc_)nlyaccountsforabouth% ofthe phenar

) ¥ FDM (C " = 2231 mol/m’) § o thre_zne removal in thls system under the range of conditions e
__5010° | * v amined. The majority of the phenanthrene is removed when t
2 o . film detaches from the substrate. By using Eq. [9] with the be
e : ] fit values ofCj to represent experimentalalues, we estimated
£ 3010° | . / 3 the flux of emulsion droplets at the disk surface. We now exar
* 50106 E g i E ine the detachment mechanism by relating the amount of tin

1.010° F e -

T . AR TU R PR A0 I R ERTT L T TREATE

0 2 4 6 8 10 12 14
o' (%) 710°

LB L

FIG. 9. A comparison of initial solubilization rate on rotational speed be- L
tween experimental data with the FDM predictions (50:25:25 emulsion at 610° [
24°C, C; =2231 mol/nf). i

510°%[

1 50/20/30

1 (triangles)

. 50/25/25
= .
Cp=2231 mol/n¥ was obtained by minimizing the error be- E (equarce)
tween the experimental and FDikWValues. Table 2 lists values 241000 ST
of CeqandC;; obtained from the other emulsions. While there E tdiamonds)

does notappear to be a strong tren@jrwith emulsions compo- 3100 —
sition, it appears that in general larger surfactant concentrations
and larger mass fractions of water tend to incregserhe scat-

ter associated with the<g’ values can be seen by comparing
the 50:25:25 emulsion results for the large and small disks.
The small diskC; is 30% smaller than that for the large disk.
Values ofC for all of the emulsions are below the molar density i

2100 [

110 [
L [ ]

67/33/0

1 (circles)

of solid phenanthrene. 0 1000
Figure 10A compares best fit lines through experimektal
vs w'/? data for the cleaning solutions at°2t The error bars

2 4 6 8 10 12

m!.l’Z ( -!."2)

b

correspond to a standard deviation of the slope of the curve B 1ol
fit to the experimental data. These slopes are summarized in i
Table 3. The larger slope corresponds to faster initial solubiliza- I
tion rates. Among the 50% water emulsions, those with more

limonene clean faster. This trend in cleaning rates obeyed the E ¥
same dependence with, Vy/1/8, reaching a maximum at the 610° )

50:20: 30 emulsion composition. By comparing the 67:33:0 -
curve with the five emulsions studied, it is apparent that the
limonene significantly enhanced initial removal rates compared
to water/Tween 20. It is believed that solubilization into the
aqueous phase is less significant in the presence of the limonene
because more of the surfactant is at the water/limonene inter-
face rather than in micellar aggregates where it can solubilize
phenanthrene.

By comparing the emulsions with equal mass fractions of
Tween 20 and limonene in Fig. 10B, we can see that more con-
centrated Tween 20/limonene solutions do not necessarily give
faster solubilization rates. The 60% water emulsion exhibited

k (moles/min)

>

160/20/20

 (triangles)

| 70/15/15

q 50/25/25

(squares)

4 67/33/0

| (circles)

faster solubilization rates than the 50% water emulsion. This is 5 g e BED B b el d ezl
likely due to the higher viscosity of the 50% water emulsion. 0 2 4 6 & 10 12

The 70% water emulsion did not clean as well as the 60% water ®" (')

14

emUISI?)n because ther_e was less limonene presentin thoe SyStemG. 10. The dependence of initial solubilization rate on rotational spee
The 70% water emulsion performed better than the 50% watgr (a) 50% water emulsions and (B) emulsions with equal mass fractions

emulsion.

Tween 20 and limonene.
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needed for the phenanthrene film to detach to the numbertofal number of droplets hitting the surface per unit time. |
emulsion droplets that have impacted the film. it is assumed thallo aghesioh iS uniform across the entire disk,

Break-off times. Due to the rotational motion of the disk,combining Eqgs. [18] and [19] and integrating result in a time
the fluid exerts a net torque on the phenanthrene film. Note tiigpendent torque,
the net force that the fluid exerts on the disk is zero due to the
symmetry in the flow fie_ld. Hov_vever,_ the net torque is nonzero |7 adhesioh = En R3 (00 — Bj At). [20]
and it opposed the rotating motion. Since the angular momentum
of the film is constant, this torque is compensated at the surface _
by the total torque needed to overcome adhesion forces. ﬁ%éhe break_-off timet
torque that this surface can withstand will decrease uniformfyf- [14] 10 give
during the solubilization stage due to a reduction in the adhesion 1 3
of the phenanthrene to the stainless steel interface resulting from jAt, = Go _ =2 <_> |7 sheal- [21]
the presence of limonene that penetrates the film. At the break- B B\27R®

off point, one can postulate that the applied torque will equalthe | ) ) ) . .
torque needed to overcome adhesion forces, Equation [21] predicts a linear relgtlonsh|p betwgékt, and
|Tsheal- The parametes can be obtained from the slope angd

|Tsheal = |Tadhesiol- [14] from the intercept of the best fit line through the experiment
data. If true, this relationship should fit data with different dis
In earlier work (13), the shear stress vector along the surfaceraflii and rotational speeds.

=ty and Eq. [20] can be combined with

a rotating diskts, was shown to be Figure 11 is a graph of At, versus|Tsheal for the large-
1o o diameter disks (0.022-m diameter). Data points correspond
ts = [0.510@ — 0.616@](1p)"*r w2, [15] the average of the experimental data and the errors bars ¢

. . . ) . respond to one standard deviation from the average. The |
wheree; ande; are unit vectors in radial and angular directions, o crve fits shown for each data set are based on the ave

respectively. The torque exerted by this shear stress is given iy, points. In Fig. 11, values ¢fwere obtained from Eq. [9]

using experimentak values andC; best fit values from the
Tshear= / rxtsdA, [16] FDM. Both A and|Tsheal Were calculated using the parameter
R=0.011 m, ufrom Table 1, angb = 1000 kg/n¥, andty, is the
wherer is radial position along the disk anlis the disk area. experimental break-off time. TheAt, results in Fig. 11 show
Combining Egs. [15] and [16] and integrating over the disk sug decreasing trend with increasifgsheal despite significant
face resultin an expression for the magnitude of the shear torgseatter.
Thep ando, values (see Table 5) were obtained from the sloy

|7 sheal = 0.308(11p0)*Riw*?, [17] and intercept of the curve fits. From Fig. Jlyalues were ob-
_ _ _ tained that range fro®(10~7 to 10-® N/drop n?) ando, values
whereR is the disk radius. range fromO(10 to 100 N/m). Theo, values seem reasonable

The torque needed to overcome adhesive forces can be calgian one realizes that they are for the films exposed to the err
lated from the stress of adhesi@rudnesios by the expression  gjons. To put these numbers in perspective, a calculation of

T adhesion™ f I' X O adhesiond A. (18] $8 5
“ | o 5025025 ]
The stress of adhesion is the force/area that needs to be appliec ;4100 [# |7 —-5r== 50/20/30 1
to detach the film at a given point. Since it is in the presence of j y | — ¥ -5083020 v :
limonene that film detachment is observed, we postulate thatthe 5 8010° i o ==feepliaLd .

magnitude obryghesiondecreases during the experiment because Ml : - - s ]
of dissolution of the phenanthrene at the stainless steel interface Z- A (o o \v Y &
by the limonene that has penetrated into the film. It will be = 40 10° 97" » E 1

assumed that the rate at whieghesiondecreases with time is f {L‘}‘._ _-"‘5?‘. \\. -
directly proportional to the amount of limonene that penetrates 2.0 10° |- 1' T .. m g

(drop
/

5
) ! . . 2ol ~.
into the film. This can be expressed by the relation b o a0 > :
0.0 10° B :
|0 adhesioh = 00 — B At, [19] 010° 110 210 310° 410"

it 1{(N/m%

shear
v_vhe_reoo is the Ir_“tlal §tress of adhe_smn of the phenanthr_eneFlG. 11. A comparison ofj Aty, for large disks with|Tspheat for several of
film in the_emmS'O”ﬂ Is thle C_hange in the stress Qf adhesiofe imonene emulsions at 28. Thej values were obtained from Eq. [9] with
per emulsion droplet, andis time. The producf A gives the experimentak values.
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TABLE 5 1.2 10°
Values of 8 and o, Obtained from Eq. [20] Using j Values o b ' A Large Disk
from Eq. [9] with Experimental k Values 1.0 107 | B Small Disk |-
Emulsion composition B (N/drop-n?) oo (N/m?) = 8010° | L4 -
= N 4
e E i
50:25: 25 large disk 1.65x 1077 138 2 6010° | :
50:20:30 144 x 1077 88 ] L i i :
50:30:20 132x 10°© 978 = 4010° [ | i . -
60:20:20 162 x 1077 59 [ S T A A
50:25: 25 small disk I5x 1077 91 2010° [ ' § H H
0.0 IOD T T T N R S NI | T T PRI T T L
stress required to slide a steel disk across a flat steel surface re 0010° 5010° 1.0 10? 18 150: 20108 2.5 10°
quires a stress on the order of 100 N/MBecause of the scatter, T, /R (N/m?)

it is difficult to determine which emulsion provides better results G 13 A _ AL f 1 disks withi /RS for th

. . . .13, comparison ofj At, for small disks with|7shea or the
bY this d_EtaChment mechanism, b_Ut the results shown in TabIEOE.ZS : 25 limonene emulsion at23. Thej values were obtained from Eq. [9]
give an idea of the order of magnitude®fndo,. The scatter it experimentak values.
likely results from the variation from run to run in the way the

phenanthrene film crystallizes and adheres to the surface. Ex- L N
. X . ery good agreement considering the degree of scatter associ
periments with a greater local control of this would be needed g .
ith the experiments.

quantitatively validate the model presented here. However, twelp order to determine the influence of disk radius on the brea

(rjn;tgel proposed explains the trend observed in the experlmergﬁtime, experiments were done with both small and large dis|

. . . .subject to the same-sheal. TEN duplicate experiments were per-

In order t_o see if the theory gives the proper scaling W'tfg)rmed with large disks at 332 rpm and small disks at 1500 rp
R, results with disks of a smaller radiuR & 0.00625 m) were 50:25:25 emulsion, 2€). From these experiments, it was
examined. Holders were fabricated that were identical to those " ° ’ e periments,
. : . ound that the mean break-off time for the large disks is 26.9 m
used with larger disks except that the cut out for the disk w S andard deviation of 15.3 min) and 11.0 min (standard devi
smaller. This way the hydrodynamic conditions were kept t | ' )

e . . .
same for both the small and large disks. From these experimenfés:,]irzfei'tzII rl;]rlgiliogf? rtTi]riltlasdl'r;kjtThE ;aAth c\’/{/;g?:%?ﬁ:;%i?
the initial rates of solubilization, when adjusted for the fil A/ b8 = €70

surface area, were the same for both the large and small diskméljlsc"ﬂe | for large disk and s for small disk. Becayise, aﬂd |
. ?Tshea,l are the same for both the small and the large disk e
expected (see Fig. 12).

Figure 13 comparegAt, values as a function diqreal/ RS periments being compared, Eq. [21] can be used to obtain t

for the large and small disks cleaned with a 50 : 25 : 25 emulsidgliowing relationshipjiargeAvargelb.large = IsmaiiAsmailo,smaif
The j Aty values shown are based on all of the experimental data
obtained for both sized disks. The same trend as in Fig. 11 of
decreasing Aty with increasing Tsheal is seen. Table 5 shows

B ando, values for the small disks. The large and small dis,ﬁccording to Eq. [22]] values can be used to find the expecte

| differ b IV 6% and t | by 34%. This i ratio of the large .to small disk break-off tim.es. Regall tiAas .
p values differ by only 6% and the, values by o- THIS 1S known for both size disks anflcan be obtained using experi-

JIA = jsAsths. [22]

H

0.015 -

8

I

0.010

E{EEE%HEDP»
E?d‘EEEEr

k/A (moles/min—mZ)

0.005

T

mentalk values with Eg. 9. This gives a valuetgf/t, s=1.02.
0.020 T T This differs from the experimentally observed value by roughl
i 4 LargeDisk ] a factor of 2, which we attribute to scatter in the data. The mod
B  Small Disk 1 seems to predict the correct trends.

Another useful comparison is to see how the total volume ¢
emulsion drops which have impacted the film prior to break
a % off (Varops cOmpares with the volume of the phenanthrene filr

A s g 1 (Vsim)- Phenanthrene film volumes were 44.0-8 m? for large
iﬁ g o b disks and 1.4< 10~ m? for small disks. The total drop volume
é 1 was calculated from the number of drops that have penetra
i A 1 the film at break off { Aty) and the size of the drops measure

0.000 ———tom b o e b experimentally (Table 1). The ratMyops/ Viim tells how effec-
0 2 4 6“2 S 10 12 14 tive the emulsion is at causing the phenanthrene film to deta
ORI from the stainless steel. That is, at a given rotational speed,
FIG.12. A comparison between small and large disk initial solubilizatiofEMulsion with a smalleWgrops/ Viim is more effective than an
rates with rotational speed (50: 25 : 25 emulsion &4 emulsion with a large¥grops/ Viim value.
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TABLE 6 respond to faster solubilization rates or shorter break-off time
Ratio of Vyrgps Prior to t, to Viim as a Function of Emulsion Measured solubilization rates were analyzed using both a hon
Composition and Rotational Speed geneous model and a finite droplet model of mass transfer at

Varoos/ Vit Varops/V disk surface. The break-off time and flux of emulsion droplets
drops/ Vfilm drops/ Vfilm .

50:25:25 50:25:25 Vgrops/ Viim  Varops/ Viim  Varops/ Viim the disk surface were found to_be related to the torque of sh(
o (rpm) largedisk smalldisk 50:20:30 50:30:20 60:20:20€eXxerted on the phenanthrene film by the bulk cleaning solutic
Within the degree of scatter associated with these experiment

ggg g-ig 0.41 0.82 0.03 142 was found that all of the emulsions induce break-off equally fa:
500 0.19 0.36 0.41 0.09 1.05
750 0.12 0.36 0.27 0.07 0.97 APPENDIX

1000 0.09 0.19 0.25 0.05 0.30

1250 0.12 0.23 0.28 0.05 0.54

1500 0.08 0.18 0.20 0.07 0.46 The following is a summary of the key equations used i
1750 0.07 0.18 0.17 0.04 031 the FDM developed by Dabrat al. (28) and Adamczyk and
co-workers (21, 29). In the expressions that followis the
local particle number concentration,,, the particle number
The 50:25: 25 limonene emulsion results for the large a@ncentration far from the disk (i.e., in bulk solution as witf
small disks both show a decreasé/iops/ Viim With increasing the HM); z, perpendicular distance of the drop center from th
rotational speed. One would expect this trend because largik surfacep, the closest distance possible between a dropl
rotational speeds produce a largieheat. Values oNgrops/ Viiim and the disk surface; anf{0), the “universal constant” for the
for the smaller disk are roughly double those of the larger distetating disk, 0.510 (28). The following dimensionless variable
This suggests that the emulsion is more effective for larger disk@n be defined:
at a specific rotational speed. This can be explained because the

larger disk is subject to a largér sheaf- n= n [A.1]
Of the limonene emulsions shown in Table 6 for large disks at Neo

24°C, the results suggest that the 50 : 30 : 20 emulsion is most ef- H — z 1 A2]
fective. The value 0¥yrops/ Viim for this emulsion is the smallest a '
at all of the rotational speeds. This is an unexpected result be- -8
cause the 50: 30: 20 emulsion has the slowest solubilization rate § = a [A.3]
of all the five emulsions examined. However, the effectiveness 3/2.3
. . . . w”a
is based on the volume of limonene that needs to impact the film Pe=2f(0)—z~— [A.4]
to cause break-off. The 50:30: 20 emulsion is the most viscous VH2Dos
of all the emulsions examined. At a given rotational speed, this 2Apg

: : : Gr= . [A.5]
emulsion will exert the large$t-sheal ON the phenanthrene film, 9f (0)w3/2ul/2p1/2

which will result in break-off at larg€ejioraghesiod Values. Break-

off is influenced not only by the amount of limonene drops tha{ cyjindrical coordinate system is used where the origin is tt
have impacted the surface, but also by the amount that the iniighter of the surface of the rotating disk. Because the disk
stress of adhesion needs to be decreased. facing down during the experiments, the direction of increasir
zis away from the disk surface in the direction of gravity. Th

CONCLUSIONS viscosity values in the Pe and Gr expression are those of the b

solution; in our case these are the viscosities of the emulsic

The initial removal rate of phenanthrene from a stainless stegl shown in Fig. 1. As with the HM, the viscous terms aris
substrate was found to be controlled by the uptake of phengfire to the flow field of the bulk solution around the rotatin
threne aggregates into emulsion droplets. While the phengfsk. The particle continuity equation can be used to obtain tv
threne solubilized, the limonene likely decreases the stresse@l,ations that relate the dimensionless particle concentratior

adhesion between the phenanthrene film and the stainless stgalhe dimensionless vertical distance from the surface of t
When enough of the organic phase has been absorbed by the ffigk (28):

so that the stress of adhesion has been sufficiently reduced, the

phenanthrene film detaches from the substrate. This break-off dn 1P 2
. L — = —1=Pe 1°F, + Gr
mechanism accounts for the vast majority of the phenanthrene dH 2 [ +1)°F2+ Grl
removal (~90%). It was also found that the initial solubilization (A/a+22.23H)1/a i
rates were related to the emulsion viscosity and organic-phase +Ad n+— [A6]
; ; ; H2(x/a + 11.1164) Fi
volume fraction while no clear trend exists between these param- g
eters and the break-off times. Larger concentrations of surfactant n _ PeH + 1)Fsn. A7]

and organic component in the emulsion do not necessarily cor- dH
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Here Ad is the dimensionless adhesion numbéy /(KsT),
where Ay is the Hamaker constant between the droplet and the
disk surface through the cleaning solutigp,can be treated as
the H component of the particle flux vector, ahds a constant
that accounts for the reduction in London forces between the
particles and the disk surface due to the surrounding medium
(about 10°° cm for water) (28, 30). Values for these parameter$-
are given in Table 4. In Egs. [A.6] and [A.7], the terms with the
Pe are hydrodynamic terms, Gr is the buoyancy term, and Ad IS
the Van der Waals forces term. 5

The functiong1, F,, andF3; only depend on vertical position,
6.

H

Fp=—
YT H+1 7

2.23H +1)— H 8
= T T T A8 &
2 (Hr1g ' [A-8]

5 9.

o=l
3 16(H + 1)3 10.

Equations [A.6] and [A.7] are subject to the boundary cor-
ditions: 1

[A.9] 13

14.

The first boundary condition specifies that at a vertical distan?
from the disk a little large than the particle radius, the particle
concentration in solution is zero. In other words, very close.

KABIN ET AL.
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