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DOE Problems Addressed

Part II. Generation of Stable Microbubbles Potential Benetfit to

Part 1. Colloid Partitioning at Air-Water Interfaces

(Objectives)

and Their Transport Through Porous Media EM Science Need

This research project is designed to address DOE subsurface
contamination problems in two aspects: The first is to improve the

Microbubble Generation and Characteristics Although the importance of colloid-facilitated contaminant

basic understanding on mechanisms controlling contaminate spatial Methods Development 1 bubble column it transport has become well recognized, conditions responsible for
I : 0 fritted glass pla _ o = : : e

distribution, fate, and transport in vadose zones, more specifically, to L o5 _ Microbubbles in the size range of 0.7 to 20 im ) vadose zone colloid transport have not previously been quantified.
uantify colloid sorption at air-water interfaces in vadose environments A . R > o : Pressure _Stirting motor T=2 days Colloids sorbed at air-water interfaces in the vadose zone are

9 , Y P . . . A bubble column device (Figure 3) was developed for quantifying colloidal surface excesses. Air is i 1Inu:rz?:|nnll?rt;hr -- ' o : _ are generated by spinning a d'SIf 2-3 (?.m below Compressed  9auge ’_Q Microbubble suspension oulet T=4 days otentially hishly mobile. vet prior to this EMSP-funded studv. no

(F|gure |)° The second aspect of this project is to explore the bubbled through the vertical column containing dilute aqueous suspension of the colloids. The rising SR ERERAE Ko Tn, fo & the surface of a surfactant solution (Figure 6). ar 4! P e T=25 days P y highly D Y P . Y

possibility of using surfactant stabilized microbubbles for in-situ bubbles sorb and carry the surface-active species upwards, then release them back to the solution at | ' | The disk, spinning at speeds up to 16,000 rpm, ' - | ' 2wy valve ><| To fraction methods for quantifying colloid surface excesses were available. In

the free surface where the bubbles burst. The steady-state concentration profile reflects the balance

part one of this study, we developed a bubble column method for
between upward transport by partitioning onto rising bubbles and downward transport by eddy

remediation. Both pump-and-treat and air sparging remediation produces strong waves on the surface of the

methods are ineffective at displacing contaminants in zones, which are Tepersien (Bap 2, o solution, which hit the baffles and entrain air N measuring partition coefficients of colloids at air-water interfaces.
"advectively inaccessible". The possibility that microbubble suspension yr-Abg;  ° into the liquid. The trapped air subsequently AN S This method permits quantification of surface activities of a wide
injection into groundwater could provide advantages in remediation of where a is the average surface area per bubble, f is the bubble generation rate, I'is the surface excess, brea.k.s into microscopic bubbles thaF 2lris Original solution range of inorganic, organic, and microbial colloids, as well as

) ] , ] , A is the column cross-sectional area, D is the column eddy dispersion coefficient, C is the stabilized by the surfactants. The microbubble 1:10 dilution in water | | : | d loids. Partiti ffici
some contaminated aquifers is explored. Potential advantages include 1:10 dilution in salt solution molecular species complexed onto colloids. Fartition coefticients

concentration in solution (suspension), and z is the vertical coordinate. generator is enclosed in a stainless steel
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Microbubble concentration (million/mil)
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enhanced delivery of oxygen, and buoyant rise into advectively less chamber to generate microbubbles under Sk Differential Pressure ransduoer J {5 - SO of goethite, kaolinite, montmorillonite, illite, and humic acid at the
: - In dilute solutions, partitioning at the water-gas interface is givenby I'=KC 3 8 I Flow Controller 20 30 40 20 1 : 10 air-water interfaces were obtained. Our results show that colloid
accessible zones (Flgure 2). . P g g g )4 press;lres up to thrie atmosph;res and aIIowls L i aes e P Time (day) Bubble diameter (um) o o i S e I
: : : . dy use of oxygen or other gases. AmMong severa P e — arttioning at air-water interraces ot partially-saturate orous
The lebs adsorpt.lon equation r =577 is useful for moIecuIal.’ For surface-active molecules, K is the linear adsorption isotherm coefficient. In extending this ‘ Ve d thei & binati hg urfactant . 3-way valve P . & o P Y . P .
Species b)’ Measurmg surface tension changes, but not for colloids. approach to colloid systems, we define K as the colloid partition coefficient. Itis expected that in surtactants and their combinations that are i . Y Figure 7. Stability of microbubbles over time: (a) Concentration of microbubbles remaining in solution over time; Salt solution medla can be mUCh more Slgnlflcant than preVIOUSIY reCOgnlzed-
many natural systems the suspended colloid concentration will be sufficiently dilute such that the Figure 3b. Close-up photograph tested, the combination of an anionic /' R T—1  Inlet sampling ceniz e Yl WS e ST (E055 _
. gs . l K : ion is suffici through the viewing window of the surfactant (SDS) and a non-ionic surfactant Pressure chamber S = — 9 | port (b) Bubble size distribution of original suspension over time.
;I-nr;zr?g:iglf;:r::}gﬁtizth near | approximation s sutlicient. - bubble-column, for photographically (Span 60) i< found to )’IEld the highest Syringe pump The second part of this prOjeCt evaluated the pOSSlblIlty of USing
. measuring bubble sizes. The wire inside Spinning Disk Apparatus Column Set-Up - ih I IN-Si 1ati
The steady-state ratio of the concentration at elevation z versus at the bottom of the column is an this section of the column is for scale concentrations and the most stable surfactant-stabilized microbubbles for in-situ remediation. Both

What is the ratio of : - : reference (256 im diameter). , , . R - ey : : - L

colloid distribution exponential profile %-e"p(%\l 4 Figure 3a. Bubble column device eference (236 im diameter) microbubbles. The measured concentration Figure 6. Spinning disk microbubble generator (modified from Seeba) pump and-treat and air Sparging methods are ineffective in lower

between the air-water - ? . . " and size distribution of microbubbles over permeability zones that are "advectively inaccessible". Potential

interf bulk " By predetermining D, a, f, and measuring the steady-state concentration profile C[z], the partition . L . o

interface and bulk water? coefficient K can be determined. time suggests that significant number of advantages of microbubble suspension injection include enhanced
bubbles in the size range of 0.7 to 2 Um can Column Experiments on Microbubble Transport Through Porous Media delivery of oxygen, and buoyant rise into advectively less

last for periods longer than four weeks (Figure

accessible regions. We identified some restrictive conditions
7). Significant loss of microbubbles occurred

Verification Fig. 4. Testing the bubble when they were subiected to bressures Transport experiments were conducted in sand columns of three grain sizes: 415-500 pum (coarse), 150-212 pm (medium), and 53-106 pm (fine) under under which microbubble injection might be effective. Our tests
zzl'jtr;:)r;?eg°lf o - - - - - i P reater th);m that at \:v hich thepwere steady flow conditions. One to three pore volumes of microbubble suspensions were injected at atmospheric and elevated pressures of 310 and 340 indicate that microbubbles of =| pm size will have favorable
The bubble column method was tested b Eqn;a:ﬂf:mzu,::c?g T(Sizn s 7 {=TL8S- (1LSTES)C, 120,997 ' | Famiiec 1 generate - solubiliz);tion kPa, followed by a flush with bubble-free solution. A model for microbubble transport in porous media is developed based on one-dimensional mobility in regions with permeabilities higher than 5x | 0-12 m2.
: : / 56213 pm, from the = ' ’ ' convective-dispersive transport equation. Effects of dispersion, sorption, and bubble capture mechanisms have been included in the model based on S w1k FrTeresEs Gavera (s Tar e rudh e e
comparing the K value obtained from the e ] o & o} _ _ N ) : : : e . : P g
_ ubble column method. 5 A Co=15ESM filtration theory. Transport experiments through coarse and medium sands at atmospheric pressure yielded similar results, exhibiting nearly conservative : . : : :
bubble column method through Eq. (5), with This agreement validated o " co-ioesu . . . . much smaller size microbubbles. Dissolution of microbubbles
he K value f ‘ . the bubble column g model K = 58 £13 transport for coarse sand and small loss for medium sand. Typical results of bubble breakthrough curves under atmospheric pressure through a medium o _
the v: Ee rgmf su;.?ce tens].clon measrrgment? method. g sand column are shown in Figure 8. Similar results were observed in five replicate experiments conducted at pressures of 310 to 340 kPa (Figure 9). upon exposure to elevated pressure can be minimized by high
’ Pt (6). for dilute surfactant solutions o a 5.7 e Exol (m2) Higher retention of microbubbles was observed for fine sand columns. Figure |0 shows normalized effluent concentrations and pressure changes for pressure microbubble generation
sodium dodecyl benzene sulfate (SDBS). - Yo Nac P : . L . . : . .
_ | | | : MGSE: ; experiments involving injection of 3 pore volumes of microbubble suspensions through medium and fine sand columns. The effluent concentration
Rearranging Eq. (4) gives k-A2,,¢2 5 = s W .. -Med?uri s profiles indicate that retention as well as re-entrainment of bubbles occurs. This is favorable for successful continuous injection of microbubbles without
= C ’ ) | . . . . 8 g -
=G (150-212pm) clogging the porous medium. The higher pressures during transport in fine sand is expected because fewer bubbles are needed to block the small pores,

Figure |. Vadose zone implications of colloid sorption at air-water interfaces.
Depending on water film thicknesses and flow, colloid partitioning at air-water
interfaces may enhance or retard their transport through the vadose zone.

Combining Eq. (1) and Eq. (3) gives k-—4L & | | Flow:1 PV/hr

RT dC compared to the larger pores in medium grain sand.

Conclusions Public atiOnS

® Generation of stable microbubbles (0.7
to 20 Um ) is accomplished using a

. Examples of Partition Coefficients (K), Which Quantify Colloid | |
Aquifer permeability distributions are Sorption at Air-Water Interfaces ) ML I

typically heterogeneous. How could . () esstssssts
current oxygen delivery practices be o CO”CIUSlonS 0 05 1 15 2 25

Fit for e ' C/C - Medium sand |
Maodel-1 )
Model-2 | E.-'C_ - Fine sand
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improved? Pore valumes | Ml?j?jiugﬁ: sand ';:_SUVE 9b=bl(a) | . | mixture of sodium dodecyl sulfate and a
— r : q .
me:a sﬂmi br':aﬁthur o eh . Span 60, with concentrations up to . o o .
— - o P=310-340kPa S ofe . 5|68 sl el spEeie mme vl s Wan, J. and T.K. Tokunaga, Film-straining of colloids in unsaturated porous media:
FI h II. - " k . 5 N L Ll SR Fig- 5. A) KaOIinte Samp|eS taken at Steady-State - il il . . T — il I 0 ‘ We developed a_ bUbee C0|umn methOd for quantlfy‘ng . pore Volume pulse | 70 |09 3’/ pL dg 'f' Conceptual model and experimental testing Environ Sci TeChnOI 3 I 24 I 3_2420
“10W channeliing IS a well known i3 : 5 along the verticle-column (pH 5.7). Colloids are ~ . . . pore ' up to 70x HUm3/mL, and specific ’ - DLl » 9 b ’
g?;ﬁ::ﬁ:;t air-sparging and Tk highly concentrated at the top, and almost absent at ] . colloid Sorptlon at gas-lquId interfaces. The method was Exot. (m2) ;n‘!r%clzllgn at 310- surface areas up to 50 cm2/mL. The 1997.
) the bott f the column. L I _ 1 : - . ! - Xpt. | a pressure o b . .
e bottom of the column . ) 1N b HE L validated through comparing SDBS K values obtained Filtration model | into medium sand 3 lifetime of these microbubbles can . N . . .
B) Steady-state relative concentration profiles of Na- > through conventional surface tension measurements with . k decay coefficient media r(/|3 Zvl/rfu_r;). g . Wan, J. and T.K. Tokunaga, Measuring partition coefficients of colloids at air-water
A : q | ' . . ) odel 1l = i i i -
Injectiun of nygenated (IDI' Hzoz} e, o e '.'.'._ iafets _'._'. S kac?llnlte clay partlcles in the bubble column. Data : : values obtalned Wlth the bubble Column. % 0.6 : {L‘:-I-‘..,._'"_._ usmg sorption E |nterfaces, EnVII’OI‘l. SC'. TeChnOI, 32, 3293 3298, |998.
solutions is also largely limited to s points are from column experiments conducted at the ' ) = 'f' 15 2 '25' 3 '35 di _ ’ 100 = -
ns : B . - o . - - : ispersion and v ® For one pore volume of injected
remediation of higher permeability ; four indicated pH values. Note that kaolinite ' & Pore Volumes d fitti 2 Veerapaneni, S. , . Wan, T.K. Tokunaga, Particle motion in film flow, Environ. Sci. &
zones. Contaminants retained in partitioning at air-water interfaces varies over a wide 1 S U L B e o The fi d iti ffici f hi — o) 4 ecay as litting - - bubble suspension, effluent recoveries P o > 82, ’ ) )
- h ; : , " . - . — — — ® e Tirst measured partition coetticients ot goethite, o V- parameters; :
lower permeability zones remain K3 > K21 B 23 range, depending on pH. o ' S . ) . - s — ol = | of 100. 80. and 30% were achieved Technol. in press, 2000.
unaffected. R e : kaolinite, montmorillonite, illite, and humic acid at the air- Q L R :'°de' fit "f:.'ﬂ.‘ : f ’ | : f (415-500 pm)
) 4 ecay coefficien . rom columns Of coarse - m), . . .
Tablel. Measured partition cosficlests of common subsarfice collolds water interfaces are reported. 0.2 N, e obtained from - e | : medium (150-212 pum), and fine (53- Wan, J., S. Veerapaneni, F Gadelle, and T.K. Tokunaga, Microbubble generation and
Injection of stable microbubbles can ; i 2 : : : b Xpl. (msS filtration (b) ; s > ) )
PE{rmit efficient remediation of lower Colloid Type K 'EEE.." .: .t.:?“.l.j,n :“_3::.|, Estimation of 0 | 106 pum) sands, respectively. Effluent ggg(s)port through saturated porous media, submitted to Water Resources Research,
permeability zones that are " advectively TR g - ; o : N/ R iy decay coelix . . o . .
e ccossibl . . . s kel |57 2k i s mad NS0 sipH 1 ® This method will permit quantification of surface activities of ﬂtlj :}T‘“—'aa' T ?ecayf_T:eif.c.ent oI Mok s recovery increased to 63% following a
s | - A3 Mode - : — a wide range of inorganic, organic, and microbial colloids, as Bubble di 05 o e 3-pore volume injection in the fine sand
pH 5.7 data | Montmorillonite | “<0° to 20 pm, with no measurable sensitivity to ’ ’ ’ ubble diameter (um) - theory.

Gadelle, F, J. Wan, T.K. Tokunaga, Removal of Uranium (VI) from contaminated
Sediments by Surfactants, submitted to . Enviro. Quality., 2000.
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Figure 2. Surfactant stabilized microbubbles can enhance delivery of oxygen by buoyant rising into _ it EE el _ bon type, ion concentration, and pH

O pH 7.5 data
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columns. The experimental results

indicated that microbubbles can travel
Figure 10: Normalized effluent concentrations through medium and significant distances in subsurface

fine sand columns. Three pore volumes of microbubbles have been
injected, followed by flushing.

well as molecular species complexed onto colloids.
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advectively less accessible zones for in-situ remediation. aTE {0 to 40 pm, increasing with higher jonic strength
PHTS Mo : Figure 8: (a) Microbubble breakthrough curve for one

pore volume pulse injection at atmospheric pressure into
medium sand media (| PV/hr). ....... Model fit using
sorption, dispersion and decay as fitting parameters;
Model fit with decay coefficient obtained from filtration (b)
Estimation of decay coefficient from filtration theory.
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and lower pH Wan, J., T.K. Tokunaga, Surface excess of clay colloids at gas-water interfaces,

submitted to . Colloid and Interface Science.

environments.
Figure 2. Surfactant stabilized microbubbles can enhance delivery of oxygen by - . J Goethite | 080 320 pm, increasing with lower pH

B 10 12 14 16
buoyant rising into advectively less accessible zones for in-situ remediation. Kaolinite | U to 240 pm, strongly pH dependent, and

Bubble diameter (um) @ Filtration theory was successfully used
to model microbubble transport and

retention in porous media.

mukdlerately ionic strengith dependent




