UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Method for the prediction of the particle attachment
to the bubble in oil at elevated temperatures

Nowak, Emilia; Pacek, Andrzej W.

DOI:
10.1016/j.powtec.2014.12.024

License:
Other (please specify with Rights Statement)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Nowak, E & Pacek, AW 2015, 'Method for the prediction of the particle attachment to the bubble in oil at
elevated temperatures'’, Powder Technology, vol. 274, pp. 105-111. https://doi.org/10.1016/j.powtec.2014.12.024

Link to publication on Research at Birmingham portal

Publisher Rights Statement:

NOTICE: this is the author’s version of a work that was accepted for publication. Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. Changes
may have been made to this work since it was submitted for publication. A definitive version was subsequently published as Emilia Nowak,
Andrzej W. Pacek, Method for the prediction of the particle attachment to the bubble in oil at elevated temperatures, Powder Technology
(2014), doi: 10.1016/j.powtec.2014.12.024

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 18. May. 2024


https://doi.org/10.1016/j.powtec.2014.12.024
https://doi.org/10.1016/j.powtec.2014.12.024
https://birmingham.elsevierpure.com/en/publications/5a20eeaf-6295-4de5-a144-f4b92428485f

Accepted Manuscript

Method for the prediction of the particle attachment to the bubble in oil at
elevated temperatures

EmiliaNowak, Andrze] W. Pacek

PlI:
DOI:
Reference:

To appear in:

Received date:

Revised date:

Accepted date:

=
E|
“ POWDER

S0032-5910(14)01006-7

doi: 10.1016/).powtec.2014.12.024
PTEC 10685

Powder Technology
30 July 2014

9 December 2014
13 December 2014

Please cite this article as: Emilia Nowak, Andrzej W. Pacek, Method for the prediction of
the particle attachment to the bubble in oil at elevated temperatures, Powder Technology
(2014), doi: 10.1016/j.powtec.2014.12.024

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.powtec.2014.12.024
http://dx.doi.org/10.1016/j.powtec.2014.12.024

Method for the prediction of the particle attachtrterthe bubble in oil at elevated
temperatures

Emilia Nowak, Andrzej W. Pacek

Chemical Engineering, School of Chemical Engineering, The University of Birmingham,

Birmingham, Edgbaston, B15 2TT, UK

"Corresponding author:
E-mail: e.nowak@bham.ac.uk

Tel: +441214145081

Abstract

In the three phase catalytic reactions or in flbatethe position of particles in respect
to the gas/liquid interface is a crucial parameafézcting the efficiency of those processes. It
is commonly assumed that three phase interacti@endescribed by the contact angle, and in
general the higher the contact angle the greageptbbability of the particle attachment to
gas/liquid interface. Contact angles are notoripdsficult to measure accurately for porous
particles of wide size distribution and/or irregusdape. Also, it is practically impossible to
measure the contact angles at high temperatursipees.g. at the conditions typical in many
catalytical reactors.

Here new method, based on thermodynamical desmmimif the interfacial/surface
energies, enabling prediction of the position oftipkes in a three phase solid/gas/liquid
systems is discussed. In this method the surfaeeggnof catalyst particles at elevated
temperatures is measured using inverse gas chrgraptyy enabling calculation of total

interaction energy between three phases and tréicpom of the position of particles in



gas/liquid dispersion. The predictions were in vgopd agreement with experimental results

obtained with the bubble pick up method.

Keywords surface energy, particles to bubble attachmentrse gas chromatography, pick

up method

1. Introduction

The position of solid particles in respect to fllighid interface might critically affect
efficiency of flotation processes (Ralstenal. 1999; Albijanicet al. 2010; Mugandat al.
2011), stability of emulsion (Pickering 1907; BinR®02; Binkset al. 2005) as well as
overall reaction rate in multiphase cataliticalateas (Vinkeet al. 1991; Ruthiyaet al. 2004,
Junmeiet al. 2006; Huet al. 2007). Prediction of the position of the solid tpdes in
gas/solid/liquid systems (in the bulk of liquid atrthe interface between two gas and liquid)
is rather difficult and the simple method basedton values of contact angle is not always
accurate. According to this method it is commonlgcepted that in gas/liquid/solid

dispersions, the particles might stay on the gasfliinterface when the three phase contact
angle®>0° (Vinke et al. 1991; Daiet al. 1999) and the larger the contact angle the stronge

the attachment. Whilst indication of the positidrparticles based on the value of the contact
angle is simple and straightforward the measuresnehtontact angle between particle and
liquids as such might be challenging (Nowak et2@l13; Nowak et al. 2013a) Even at the
room temperature/pressure such measurements fasugpoparticles (catalyst) is not
straightforward and it is practically impossibledbtain accurate values of contact angles at
the elevated temperature/pressure typical for mamptiphase catalitical reactors. The

contact angles measured at room temperature mightlifberent than contact angle at



elevated temperature since the surface tensiorsarfidce/interfacial energy depends on the
temperature (Israelachvili 2011).

In this work, the position of solid particles insgsolid/oil dispersions has been
investigated theoretically and experimentally. Ttheoretical considerations are based on
thermodynamical description of the work of adhe&iohesion (Israelachvili 2011) applied to
macroscopic system. This methodology enables grediof the particles most favourable
position, i.e. whether they tend to remain in thédkbof the liquid or at the gas/liquid
interface.

The work associated with the particle detachmenmhfthe gas/liquid interface can be

expressed in terms of surface energies between/'sajds (g, gas/liquid ;) and

solid/liquid (ys) as ilustrated in Figure 1.

The energy of the particle detachmeAE] can be expressed in terms of work of adhesion

between solid/liquid and gas/solitlV( = y;, + y,, —y4) and work of the liquid cohesion (

W, =2y,,) (Israelachvili 2011):

AE =W, =W, =y, + Vs — Vg (1)

For the AE > 0, }j, + )4 > Vg the attraction between gas and solid is stronban t

attraction between liquid and solid, therefore plagticle tent to adhere/attach to gas/liquid
interface. For theAE < O, Vg *Vy <Vg liquid displaces gas on the solid surface and
totally wets the solid therefore the particles teadstay in the liquid. Therefore, if the

surface energies between gas/liqujgl X, gas/solid sg) and solid liquid (v ) are known it

is possible to predict the position of particlesgas/liquid dispersion. Whilst the energy



between gas and pure liquids (surface tensjignis readily available in the tables of physical
properties (Yaws 2012) the gas/solids surface &gy and solid/liquid interfacial energy
(ys1) strongly depend on the treatment of the solifiases (Schmidt 2001) therefore are not
available in the literature and they have to besue=d.

The interfacial energy between solid and liquidsists of their surface energies reduced by
the energy of interactions between them due torpatal non-polar (dispersive) forces
(Fowkes 1962; Fowkes 1987). Depending on the physgiroperties of solid and liquid
(polarity, dielectric constant etc.) the interan8acan be either entirely due to the dispersive

forces or it can also have the polar components (st al. 1988) (Fowkes 1987):

1/2

Vs :ysg+ylg_2(ysgd D/Igd) _z(ysgpgllgp)l/2 )

The systems investigated here consist of non-pmlatherefore interactions with catalysts
particles can occur only due to dispersive forcessuch case the interaction energy can be

calculated from (Fowkes 1962; Fowkes 1964):
1/2
ys|:ysg+ylg_2(ysgd |J/Igd) (3)
and the change of system energy from:

1/2
8 =24, -2y’ ') (4)



This means that the energy of the particle attadbetthe bubble can be determined if the
dispersive component of surface free energy ofttiele is known as dispersive component

of gas/liquid interaction are equal to the surfteresion of the non-polar oil.

Interfacial energy between solid and gas stronglyethds on the processing methods, e.g.
solids processed at low temperature have diffesemface energy than the same solid
processed at high temperature; also chemical tegatmffects surface energy as it might
change the zeta potential (Schmidt 2001).

Recently inverse gas chromatography (IGC) has bemaployed to measure dispersive
component of surface energy of both porous andpmoous solid particles (Diaet al.
2007; Xueet al. 2008; Cuerveet al. 2009; Daset al. 2010; Grajeket al. 2010; Shiet al.
2011; Kolodziejeket al. 2013). In inverse gas chromatography net reganiblume/time
depends on the strength of the interactions betiael (probes) and adsorbent (solids) (Xie

et al. 2000):
Vy = jF(t -t,)CT

(5)

The retention volume is related to the adsorptioergy of the solid phase (Let al. 1998;

Grajeket al. 2010):

AG,, = —RTInV, +const (6)

where the constant depends on the type of chromagibiy column and selected reference

state.



The adsorption of probe molecules is caused byedssge and polar interactions and can be

related to the work of adhesion by (Gragtlal. 2010):

AG,, =-N,aW,, (7

wherea is a molecular area of an adsorbed molecule (Biak 2005):

M 2/3
a= 1.09[1164( J (8)
PN,

The relation between the adsorption energy andwbek of adhesion enables
calculation of the surface energy of solid parsclgom measured retention volume.
Because non-polar liquids adsorption can occur doky to dispersive forces the dispersive

component of the particles surface energy can tsrsd from (Newelét al. 2001):
RT IV, =2N, (Y )ma(yﬂ)llz+const (9)

and it is equal to the slope of the line defined By 9 in (RTInV) versus %Y )
coordinatesThis means that when the particles surface energydsence of a the non-polar
liquid is known the position of catalyst particiesgas/solid/oil systems can be predicted. It
is worth to stress here that this approach enalalesilation of surface energy at an elevated
temperature/pressure e.g. conditions frequentlymity in the industrial applications.

In this work inverse gas chromatography was usethéasure surface energy of selected

catalyst particles at elevated temperatures. Thelteewere compared with the predictions



based on the values of contact angle (Noetat. 2013) and validated against experimental

results obtained with the bubble pick up methodKéiet al. 1991).

2. Experimental

Two sets of experiments were carried out.

In the first set the dispersive components ofsiinéace energy of catalyst particles in
(i) the set of consecutive alkanes of monotonicaltyreasing molecular size and (ii) in the
non-polar viscous (vara oil) and non-viscous (named liquids were measured. The
measurements carried out with alkanes were aime@rédication of the theoretical method
used for prediction of the position of particles gas/solid/liquid suspensions discussed
above. The measured dispersive component of sudiaesgy of the particles with paraffin
oil and with n-decane were used to predict thetposiof particles in such systems and to
compare the results with the prediction based enwvidues of the contact angle (Nowak
2013).

In the second set of experiments the attachmetteftatalyst particles to a single
bubble suspended in the paraffin oil and in theecathe was investigated and the results were
compared with the theoretical predictions basedhendispersive components of surface

energy and on the contact angle.

2.1. Materials

The following catalyst supports supplied by Johnddatthey were investigated: ADs
(dsz=16um), SiQ, (dzx=13um), ZrO2 (d,=26um) and details of all physical properties can be
found elsewhere (Nowakt al. 2013). Supplied by Johnson Matthey viscous oil aiiye
Liquid Paraffin VARA 600/240 PB, CAS No: 8042-47-BINECS No: 2324558) fulfil the

DAB/BP/USP and FDA regulation 21 CFR 178.3570 om plurity requirements. Range of



alkanes (@Hi14, G/Hi6, CgHis, CoH2o and GoH2o) was purchased from Sigma-Aldrich. The

properties of liquids used are lited in Table 1.

2.2.Inverse gas chromatography

The inverse gas chromatography involves injectioftuad (vapour) into a column filled with
the investigated particles and measurements of réibention time as in the standard
chromatography. However in this case rather thanposition of the liquid phase (standard
chromatography) the strength of interaction betwiaed (adsorbate) and solid (adsorbent) is
determined from the measured retention time. tafbe used to measure range of physical
properties such as adsorption isotherms, heatsdsbrgtion, solubility coefficients, free
energy of adsorption, as well as, polar and dispersomponents of surface free energy
(Newell et al. 2001; Diazet al. 2005; Xueet al. 2008; Daset al. 2010). This method is
frequently used to characterise powder surface gutigs in pharmaceutical industry
(Grimseyet al. 2002), coatings (Hegedesal. 1993), composite particles (Yoegk al. 1998)

and also to characterise surface properties olysttgDiazet al. 2005; Cuerveet al. 2009).

In this work gas chromatograph Perkin-Elmer 850Qigaed with the flame
ionization detector and copper column (length afrB@nd inner diameter of 2mm) enabling
measurements at high temperature and pressure ses Uhe column was filled with
investigated particles using vacuum pump, silanized| stoppers were inserted at the both
ends and column was left for 24h at 300with inert gas (nitrogen) passing through it in
order to remove all impurities and water vapoure Tdmperature of the injection port was set
above the boiling point of all investigated liqui®3C0°C) to ensure complete evaporation of
injected liquids. During the experiments gas flates were measured using bubble in water

flow-meter. Each measurement was repeated 3 tioregaich liquid/solid combination and

8



the average retention time was used to calculattention volume. The dispersive
component of solid surface energies was determsigguollowing alkanes §Hi4, C/Hjg,
CgHis, CoH2o . In order to stay within linear regime of adsabt the vapours were strongly
diluted in nitrogen (Jul Hamilton syringe) before the mixture was injectetb the column.
At the infinite dilution the adsorbate covers #fraction of the adsorbent and the results
are not affected by adsorbate-adsorbate interac{Mukhopadhyat al. 1995). The time of
passing non-adsorbing fluid (dead time) was meadswieing methane also at very low

concentration. Table 2 summarizes experimentalitions.

2.3. Particles to a single bubble attachment

The attachment of the particles submersed in ligiwdthe single bubble was

investigated in an experimental rig schematicaligven in Figure 2.

Particles (1) were suspended in the liquid in @glaectangular container (4) placed
on the stand (6) enabling vertical movement andedt to sediment for 24 hours. After that
time the air bubble (3) was formed at the tip & g#yringe needle of 1.81 mm diameter (5)
immersed in the oil and the container was slowlywewbtowards the gas bubble until the
bubble was completely immersed in the particlesctNige bubble was withdrawn from the
bed of particles by slowly lowering the stand ane toverage of bubble with particles was
estimated directly from high resolution images abbles with attached particles taken by
video-technique (7) (Pacekal. 1994). The three phase contact angles betweeglpasigas

and oil were calculated from the degree of coverddhe bubble surface by the particles.

3. Results and discussion




3.1. Dispersive component of particles surface energgsmed using alkanes

Molar free energies of adsorption (RTk)\0f set of alkanes on alumina, silica and
zirconia catalyst calculated from net retentioruvmoés measured at different temperatures are
summarised in Figure 3. There is a nearly perfegal relation between the product of
alkane molecular area and square root of surfacsiaie and energy of adsorption at all
investigated temperature as theoretically predidigdthe combination of Eq 6 and 9
(Rodriguezet al. 1997; Liuet al. 1998). As expected, the higher the molecular htead
alkanes the larger the energy of adsorption andbtiger the retention time. The free energy
of adsorption of the consecutive alkanes increaséd the molecule size, i.e. in the
investigated case the dispersive forces betweditlearand non-polar liquids increases with
number of alkyl groups (-C§l This and the fact in all investigated systemnes ¢nergy of

adsorption decreases with temperature indicateltieatesults are consistent.

Dispersive components of surface free enengl/)(were calculated, based on the equation 9,

from the slope of the best fit lines in Figure 3l@me summarised in Figure 4.

Higher dispersive component of the surface enefgyhe particles compared to
paraffin oil and n-decane surface tension (Tabléndjcate that liquid will tend to spread
completely over the solid surface (energeticallyenfavourable position). This means that in
the three phase system (air/non-polar liquid/platicat ambient conditions the particles will
tend to remain in the bulk of liquid.

Figure 4 shows that the dispersive component daserenergy linearly decreases
with temperature what agrees with the results tepadn the literature for Pd/AD; (Diaz et

al. 2004), Pd/SDB catalysts (X&t al. 2000) and activated carbons (Ditzal. 2005). Since

10



surface tension of the liquids decreases lineaitly temperature, therefore measured surface
energies of solid were approximated by linear datien (Israelachvili 2011).

In general there is good agreement between theesabh the surface free energy
reported in literature and the results shown irufég4. Diaz et al. (2004) reported surface
free energy ofy-Al,O; measured by inverse gas chromatography of 59.&nfrel 200C
whereas this studies gives 25.3 mffar alumina at this temperature. The dispersivespaf
surface free energies of crystalline silica andefusilica reported in literature are 31.78
mJ/nf and 37.81 mJ/frat 140C respectively (Yang and Yoon 2007) are close t8 24)/nf
measured here. Considering that the dispersive gdtie surface free energy of particles
strongly depends on the method of production aednthl treatment the values obtained in

this work seem to be in a good agreement witHitsature data.

3.2.Patrticles in three phase system

Calculated dispersive component of the particletasa energy allows estimation of
the position of the particles in gas/non-polar iitgu (e.g in low dielectric constant
hydrocarbons) system based on thermodynamicalileduih. System net change of energy
upon particles detachment from the gas/liquid fater to bulk of the liquid (based on Eq. 1)
was calculated for each catalyst particles for polar liquids, decane and paraffin oil.

Results were extrapolated to°@5(Figure 5).

The more positive the net change of energy, theenemergetically favourable the

presence of the particles in the bulk of the liqiNegative values mean that the position of

the particles on the interface is energeticallytaable.
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In the paraffin oil, at all temperatures, silicatmdes revealed the lowest net change
of energy AE). This means that these particles are likely tamy son the interface.
Interestingly, in the Fisher Tropsch synthesis dtioms (T =218C), the net change of energy
with the silica particles is negative, what ind&sthat silica catalyst particles tend to attach
to the surface of the bubble. It is impossible redict the position of catalyst particles under
such processing conditions based on the valuetefcontact angle alone. Clearly these
particles show smallest attraction to the parafiinwhat is also consistent with the lowest
dispersive part of surface energy as comparedrtoria and alumina. It can be therefore
concluded that also at room temperature, intemractiosilica particles with oil is weakest
what results in the largest work of particle attaeint. Silica particles suspended in decane
would not show strong attachment to the air/decateeface.

Calculated energy of the particles detachment filoenbubble surface to the bulk of
liquid is always positive for alumina and zircomparticles (Figure 5a). This indicates that
both these particles are expected to stay suspendée bulk of liquid rather than at the
liquid/gas interface. Changes of the energy forziheonia particles is largest, therefore these

particles are most likely to remain in the bulktod liquid.

3.3 Position of particles in the single bubble/mmfar liquid system

The particles attachment to the bubble suspendadyimand low viscosity non-polar
liquids was investigated following methodology d#sed in the section 2. Figure 6 shows
typical images of the particles and bubble in tamfiin oil (6a) and in the n-decane (6b).

The experiments clearly show that some particlesane at the air-paraffin oil or air-
decane interface what indicate certain degree oficpes lyophobicity. This is rather
unexpected when the contact angle values are a@esid Previously published

measurements of the contact angle between paracldsparaffin oil showed that particles

12



are lyophilic, i.e. zero contact angle was obtaif@dall particles (AJOs, SiO, and ZrQ)
(Nowak et al. 2013). These results suggest that the particles tie stay in the bulk of the
non-polar liquid rather than at the gas/liquid ifdee. Based on the contact angles values one
would expect complete wetting what is observed lasri¢ can be clearly seen in Figure 6 that
some particles remain attached to the bubble. Saoctradiction proves that the prediction of
the particle position in gas/soild/liquid systemséd only on the values of contact angles
might lead to wrong conclusions. Figure 6a cleaHgws that there is certain amount of the
silica particles attached to the bubble as welkeageral alumina particles. In decane, few
silica particles were visible at the gas/liquidenfiace. Zirconia was not present at the

gas/liquid interface neither in the paraffin oilrrio the decane.

The above images agree well with the results shmwhRigure 5 representing the
trends in the degree of particles wettability. ppaars that silica is the least wettable by the
paraffin oil (and decane) with even negati&& at different temperatures. The alumina
particles are slightly better wetted but the ziieoparticles are clearly the most wettable
particles. These trends agree well with the obskamounts of different particles attached to
gas bubble in non-polar liquids investigated here.

In general, for the negative values AE attachment of the particles to the bubble
surface is more favourable than suspension in tileds the liquid. At ambient temperatures,
AE for silica particles in paraffin oil is positivepwever is close to the zero (Figure 5a)). In
the image however there is significant amount atiglas attached to gas/liquid interface
(Figure 6a). Also, few silica particles attached the surface in air/decane system is
unexpected since in this systetk is positive. Alumina particles have moderatebgipive
AE in paraffin oil but still the minute attachmenasvobserved (compare Figure 5a and 6a).

No particles are present at the air/decane interfabat agrees with the positive values

13



calculated for this system. Zirconia particles lilael largest positive values ofE what is
with very good agreement with observed completeiadxs of particles at either air/paraffin
oil or air/decane interface (Figure 6).

Though the general trends in th& values for all investigated systems are in a good
agreement with the observed particles attachmém, absolute values oAE are less
consistent. There might be two reasons for thos.each system\E was calculated based on
the dispersive component of the surface energyirddarom the linear extrapolation of the
results obtained at 100-Z’(D to room temperature which might already carryaiererror.
More important however is the procedure used to ttes particles attachment to bubble.
Bubble is practically pushed into the particles f@ek Figure 2) therefore additional force is
exerted on the particles-bubble interface. Thégearto the bubble attachment results mostly
from the capillary force, which is proportional tiee circumference of the part of particle
protruding into bubble ¢R) (van der Zonet al. 2002; Omotaet al. 2006). During the
particle attachment experiment, bubble is pushéaltime particles bed what might increase
penetration of particle into bubble, therefore éargircumference, hence larger capillary
force. Such additional ‘pushing’ force might be esplly important when particles are
porous. The liquid might drain from the pores a time the bubble is pushed into the
particles bed increasing the tendency of particleemain attached to the bubble. Therefore
at room temperature, the data should be consideréidnds rather than absolute values.

Using the Young definition of the contact angle d@hd expression for the energy
change, the contact angle can be calculated att@igheratures. From the following relation

(for the non-polar liquid)
1/2
AE =2y, —2(ysgd Eylg“) =y, (1-cosb) (10)

14



contact angles between silica and paraffin oil marcalculated and are 28nd 33 at 170C

and 210C respectively.

4. Conclusions

This paper presents method of predicting the mositf fine catalyst particles in
gas/oil system at s at elevated temperatures. e $hree wettability of particles with paraffin
oil (or decane) cannot be reliably described by d¢betact angle, another approach, based
purely on the interfacial energies of the considesgstem is proposed here. This approach
identifies differences in interactions betweenetigint particles and liquid.

Work/energy of particles attachment to bubble sndpd oil is employed as a key
parameters and it replaces the contact angle colgmesed to assess the position of
particles. Direct measurements of particles to lriaiachment prove that the proposed here
method works and that contact angles cannot beapeedict the attachment.

Zirconia particles has the largest dispersive campb of the surface energy,
therefore its interaction with non-polar oil is terongest what indicate zirconia particles
suspended in non-polar oil/gas dispersion shoulid te stay in the bulk of liquid. On the
other hand dispersive interactions between silisd aon-polar oil is the weakest what
implies that non-polar oil will not tend to spreaid silica surface and silica particles suspend

in gas/oil dispersion will tend to stay at the rfaee.

Nomenclature
a  the cross-sectional area of the probe definedjirBEnt

P

H,0

P

out

C=1-
C corrective pressure in Eq. 5,

15



AE change of the three phase system energy uponlparntietachment from gas/liquid
interface as defined in Figure 1, 3m

F  volumetric flow rate in Eq. 5, irs

Gags adsorption energy (in Eq. 6, 7), J

j James-Matrtin factor for the correction of gas caspibility under pressure difference,

j =
3
BE
in Eq. 5 Fou

M molar weight of the solute, g/mol

Na Avogadro constant, 6.02*>mol™*

R universal gas constant, 8.314 J/mol K
t; retention time, s

to  dead time, measured with methane, s
T column temperature, K

Vn  retention volume, filg

W, . work of adhesion and cohesion as defined in text J/m

Greek symbols

Mg gas/liquid surface energy, Jm

¥y Qas/solid surface energy, J/m

%  solifliquid surface energy, Jfm

y?  dispersive component of liquid surface tension?J/m
y&  dispersive component of solid surface energy? J/m

y liquid surface tension, Jfm

16



o liquid density, kg/m

@ three phase contact angle, deg
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Figure 2 Experimental rig for investigations of the ettaent of particles to the single
bubble: 1 — particles, 2 — liquid , 3 - bubble, 4 - glagntainer, 5 — syringe, 6 — adjustable

height stand, 7-8 — video microscope computer system
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Figure 5 Change of energXK) in the three phase system upon particles detachitom the

bubble in a) paraffin oil and b) decane

Figure 6 Particles and bubble in a) paraffin odl &) decane (the size of each image

3.6x2.8mm)
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Table 1. Properties of liquids used in the expentaiéRodriguezt al. 1997; Liuet al. 1998;

Yaws 2003)

a, Surface tension Density, Viscosity,

Liquid probes
=v%, mN/m  kg/m® mPas

n-hexane 51.1 18.4 656 0.296
n-heptane 57 20.3 682 0.390
n-octant 63 == 69¢ 0.511
n-nonant 69 22.1 71¢ 0.67:
n-decan - 23.¢ 72€ 0.86:
paraffin oil ¢ 31 873 103

Table 2. Temperature, pressure and flow ratesest gas carrying solvent probe

A|203 SlOz ZI’Oz

Mass, g 0.4593 0.3691 0.5926
P, kPa 511 344 172

100°C 10 4 33
& o 140C 8.82 3.66 29.9
S E
3 E 180°C 7.69 3.22 25
LL

210°C 7.14 3 18.7
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Energy of the system indicates differences in the particle to
bubble attachment which are not revealed by the contact angle
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Research Highlights:

Thermodynamical description of the interfacial/sgd energies at the three phase
contact

Position of particles in a three phase solid/gauiti systems in a function of
surfacefinterfacial energies
Particles to bubbles attachment in organic liquids
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